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HDB (the Housing Development Board) houses 80-90% of Singapore population. The 
quality of life in the HDB environment therefore needs to be maintained and 
enhanced. One of the threats in HDB environments is mould growth. Its effect can be 
as simple as stains or discoloration on the building material surface. However, some 
effects can be more hazardous than they appear. Inside the materials surface, the 
structural integrity is degraded in several ways - components breakdown, short chain 
additives degradation, disaggregation of material, corrosion, weakening and 
dissolution and disruption of layered silicates. All of the effect is a result of secondary 
metabolism of moulds.  
 
Besides degraded building durability mould growth also affects people’s health. 
Preventing the problem is easier and cheaper than remediation which is also a more 
challenging process. To successfully develop prevention and remediation strategies, it 
is very essential to understand the nature and the cause of mould growth. Therefore, 
the research objective is to find the cause of moulds growth in the HDB environment 
and develop various design, maintenance and prevention strategies to avoid mould 
growth.  
 
The causations of mould growth (both indoor and outdoor) were found by conducting 
building inspections and analyzing indoor and outdoor measurements (wind, ambient 
temperature, RH, surface temperature, moisture content) data and occupant activity. 
 vii 
Interviews with the occupants were also performed to gain more information about 
mould growth (time recurring, maintenance regularity and activity inside the unit).  
 
Prevention and remediation strategies were developed with FMEA (Failure Mode and 
Effect Analysis) approach. With FMEA approach, effect of fault that was caused by 
mould growth were listed and tracked to the root cause. After the root causes were 
thoroughly listed, then prevention and remediation strategy were designed. The 
maintenance strategies to prevent mould growth were also developed.  
 
During building inspection, 58 mould growth cases were found in Singapore. They 
were mostly found in residential areas that were close to industrial areas, such as 
Yishun and Jurong West. According to building inspection results, environmental 
conditions when the moulds growth was found was in ±30°C ambient temperature, 
75% indoor RH, 20-25% moisture content in each contaminated surface, and ±24°C 
surface temperature with 0m/s indoor wind. 
 
Most of the infected HDB units were found 0-10 years old. The contamination area 
was mostly found in bathroom and bedroom. The most common causations of mould 
growth that were found were wet surface (25.86%); high indoor moisture problems 
(20.69%) and leak plumbing problems (15.52%). Wet surface were present mostly 
because of plants watering, ponding water, air conditioning water tray and trapped 
water. High indoor moisture was often enhanced by a large number of occupants, 
plants, pets, an open aquarium, microclimate condition, cooking without lids, and 
indoor laundry. Leak plumbing is obviously as a result of faulty plumbing or ageing 
(corrosion).  
 viii 
The 3 main common causations of mould growth can be prevented by developed 
design, prevention and remediation and prevention maintenance with help of FMEA 
approach. In design terms, limiting the number of plants inside, allowing sunlight and 
air movement coupled with maintain the temperature and RH in healthy and comfort 
range will help to avoid and decrease mould growth. In several rooms with obvious 
excess moisture, exhaust fan should be installed. In the same way, prevention 
technique can help such as: providing a canopy, repairing cracks or holes and 
applying adequate waterproofing and insulation.  
 
High indoor moisture problems were more related to an occupant’s living habits. 
Therefore, the avoidance methods were more related to habits and maintenance parts. 
Good practices for operation and maintenance are crucial for efficient mould growth 
avoidance. Limitations of plants, number of occupants (250 square feet of living space 
per person (Minnesota Extension Service. 1994), put laundry outside and installing 
cooker hoods are all examples. 
 
On the other hand, leak plumbing problems were much influenced by design and 
construction. Improper fall and materials selection were often led to leakage. Ageing 
(corrosion) problems were only able to be detected in regular maintenance. However, 
clogging sometimes was caused by occupants.  
 
Most of HDB occupants that were interviewed do not realize that the mould 
reappeared after it’d been cleaned. It is because the HDB occupants don’t realize the 
danger of the stains that keep occurring in their units, so they are less likely notice 
and/or check for them. 
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1. Introduction  
 
Indoor water/moisture comes from many sources. Water enters the buildings by 
leaking or by seeping through basement floors. Water intrusion causes bulked up 
moisture, RH (Relative Humidity) and dampness in buildings. Simple daily activities, 
such as showers or cooking also add moisture to the air in buildings. The amount of 
moisture in the building’s air is largely dependent on the temperature of the air. As the 
temperature goes down, air is able to hold less moisture. This is why, in cold weather, 
moisture condenses on cold surfaces (for example, drops of water form on the inside 
of a window). This moisture encourages biological pollutants to grow such as moulds 
(Scott, 2008). 
 
Of all microbial agents, moulds are constituted as the leading cause of building 
biodeterioration; their affect is compounded through symbiosis with other organisms, 
such as algae and bacteria. Mould grows on the surface of any materials. Especially 
materials contain cellulose such as wood and paper. As mould is a resilient creature, it 
is able to live in inorganic materials and obtain the food from garbage (Malloch, 
1981), outdoor air (Allsopp, 1985), and food scraps (Bravery, Undated). Even in the 
presence of dampness, moulds will cause decay.  Moulds also affect a building’s 
environment by decreasing a buildings life span and the health of its occupants.  
Mould can gradually damage building materials and furnishings and even cause 
structural damage, as well as pose health risks to people in the building it invades.  
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This problem has been researched and analyzed in US cooperation with WHO (World 
Health Organization). It showed that 40% of buildings in US suffer from serious air 
quality problems (Gutarowska and Piotrowska, 2007).  
 
Buildings in Singapore also have been attacked by mould growth. It is shown in 
several places which have stains and sometimes along with cracks.  
  
Figure 1.1 Several areas that are attacked by mould growth 
In this figure, very likely moulds and algae are degraded built environment 
 
   
Figure 1.2 Indoor environment especially in wet area are subject to be attacked by moulds 
 
The above pictures show several HDB (the Housing Development Board) 
environments (indoor and outdoor) that were affected with mould contaminations. 
HDB environments were studied because of the importance as one of the residential 
facilities in Singapore (there are 80%- 90% of Singaporean currently live in an HDB 
flat).  
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This study attempted to investigate the HDB environment in Singapore due to mould 
growth, in indoor and outdoor environments (as both are interrelated). In outdoor 
environments, mould spores blend with other outdoor air pollution. When the wind 
blows, mould spores enter into the HDB unit through the window. This obviously will 
affect indoor air quality and harm people’s health. 
 
The objective of the research is to find the causation and building defects caused by 
mould growth in HDB environment and find the simple solution to fix and prevent of 
recurring in the future. 
 
1.1. Background of Mould Growth in HDB environment in Singapore  
 
Mould degrades buildings durability in several ways, such as discoloration, cracking, 
corrosion, weakening, and dissolution of materials substrates. Moulds grow and 
degrade almost all building materials, especially materials containing high amounts of 
cellulose. Some exterior moulds also survive in a sandstone, limestone, and concrete 
environment (Kumar and Kumar, 1999). Since moulds have ability to gain their own 
food from dirt and air, and grow without sunlight, practically they can grow 
anywhere.  
 
Buildings with mould growth are normally damp and exhibit moldy odor. Moulds as 
one of the biodeteriogens in building environments survive in indoor environment 
because of sufficient moisture, temperature and nutrients. Crawls spaces, wet areas, 
dirty areas and poor ventilation areas are prone to mould. Since moulds spore are 
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ubiquitous when airborne, growth is easy once the spores attach themselves to a 
supporting environment (Allopp, 1985; Bravery, Undated).  
 
Mould growth in indoor environment leads to higher chance of lower respiratory 
illness among asthma and non-asthmatic children (Singh, 1994). It is because during 
metabolism, moulds produce toxin that harm people’s health. Lieberman (2003) found 
that patients with mould-exposed have some followings health problems; muscle 
and/or joint pains, fatigue/weakness, neurocognitive dysfunction, sinusitis, headache, 
gastrointestinal problems, shortness of breath, anxiety/depression/irritability, vision 
problems, chest tightness, insomnia, dizziness, numbness/tingling, laryngitis, nausea, 
skin rashes, tremors and heart palpitations. Rea (2003) found in her study that mould-
exposed patients also have some followings health problems: fatigue, rhinitis, 
memory loss and other neuropsychiatric problems, respiratory problems, 
fibromyalgia, irritable bowel syndrome, vasculitis and angio-oederma. 
 
It is also supported by several studies from Canada that 30-69% office workers show 
symptoms typical of SBS (Sick Building Syndrome) when exposed to mould; this is 
similar to the symptoms reported in previous research mentioned (Gutarowska and 
Piotrowska, 2007).  In the Czech Republic and Romania, 1/3 of all surveyed 
residential buildings experienced health affects related to fungal growth 
(Drahonovska and Gajdo, 1997; Manescu et al., 1981). 
 
An HDB flat is one of the most important building functions in Singapore besides 
offices and shopping malls, as related to investigative mould research. About 80-90% 
of Singapore's population currently lives in HDB flats, as high-density housing is a 
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solution to the problem of overcrowding. Most people with nucleous families start 
with an HDB flats. If most indoor HDB environments are unhealthy, it can be 
concluded that most Singaporeans live in a potentially unhealthy environment. 
 
Based on the condition above, it is essential that HDB mould growth be researched. 
The research outcome will be useful for prevention, remediation and preventive 
maintenance regarding mould in the HDB environment. 
 
1.2. Current Topic of Mould Growth Studies 
Mould growth has been studied in regard to building environments (materials 
degradation and maintenance) in several sub-tropical countries such as Russia 
(Durcheva and Rozhanskaya, 1994), Germany (Nielsen, 2002; Sand and Bock, 1991) 
and US (Mittelman and Danko, 1995; Roberts et al., 2002; J-D Gu et al., 1998; Nica 
et al., 2000). In those countries, research had been collected in several building types 
such as residential, offices, and other commercial buildings. 
 
However, only few were able to identify fungal species that impact structures, let 
alone their damage in detail (J-D Gu et al., 1998); others were able to identify species, 
but only stated that building degradation were found and caused by mould growth or 
other microorganisms without specifying the species (Nica et al., 2000).  
 
In the tropics, moulds were also studied. In Singapore, Lim et al (1989) succeed 
identify 28 species of fungal in building environment with ambient temperature 15°-
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30° C and done in the laboratory. Their research was meant to test commercial anti 
fungal paintings. Kumar and Kumar (1999) compiled some data from India, Cuba, 
Indonesia, Brazil and Cambodia due to fungal attacked on stones. Their researches 
were meant to conservation purpose. Furthermore, moulds spore were also been 
investigated due to their characteristics and effect in indoor environment (Wu et al., 
2006; Lee et al., 2005; Kleinheinz et al., 2006; Rao et al., 2006; Reponen et al., 
2003). 
 
Most of the research focused on building defects and indoor air quality and conducted 
in the laboratory where the environment was under controlled, while only a handful 
discussed the major causes for each case. Furthermore, researchers only collected the 
samples and identified the moulds (sometimes did not reach species stage) from the 
contaminated area. Prevention and remediation for each case were also not discussed.  
 
1.3. Research Objectives 
There are three research objectives; 
1. To examine mould growth causation in HDB environment in Singapore, regarding 
to;  
a. Moulds spore 
Normally, moulds spore sources are outdoor air. However, food scraps and dust 
also becomes a potential moulds spore besides their nutrients sources. By knowing 
the source, it will be easy to stop recurring.  
b. Climate condition (indoor and outdoor) 
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 Moisture/Humidity 
Major causation of mould growth is high Relative Humidity. It is best to 
control indoor moisture and all related problems to prevent mould growth. 
 Temperature 
Temperature affects moisture and room comfort. It also affects the moulds 
germination and reproduction. 
 Air flow (wind pressure, human movements/activity) 
Wind pressure affects moisture and comfort. Wind pressure is affected by 
human movements/activity and ventilation system inside the HDB unit. 
 Solar Radiation 
Solar radiation is thought to kill or slow mould growth.  
 Rainfall/Precipitation 
Rainfall influence spore viability in air and moisture (RH indoor and outdoor). 
c. Nutrition Availability  
 Materials substrate 
Source of nutrients for moulds are wide range variety. Building materials 
themselves are a common source for mould survival. 
d. Occupants activity   
Their habit, hobby and daily activity are contributed to mould growth inside the 
premises. 
2. To develop the prevention and remediation strategies in HDB environment. 
3. To develop the preventive maintenance strategies for each room in HDB unit. 
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• Field survey to  several different types and location of 
HDB buildings for 
o Visual investigation of visible moulds  
o Measurement of indoor and outdoor condition  
o Identify building materials specification, 
function and location in buildings 
o Identify environment condition in buildings, 
such as relative humidity, sun and rain 
penetration, temperature, water and air tightness 
o Interview with HDB occupants 
• Literature review for  
o Identify the sources and causes of molds 
o Identify the contributing factors or mould 
growth in building environment 
2. developed the 
prevention and 
remediation 
strategies in HDB 




• Identifying the root problems/causes from all mould 
growth cases related with FMEA (Failure Mode and 
Effects Analysis) approach; 
 Listing all the probable causes of molds growth 
in HDB environment  
 Develop the preventive maintenance and 
remediation for each root problems and causes 
in HDB environment 




• From the real condition in the HDB environment, 
develop the maintenance strategies with FMEA 
(Failure Mode and Effects Analysis) approach 
• Literature review to find  
o Suitable Specification of necessity tools and 
chemical  
o Suitable schedule for observation, cleaning up 
and replacing 
 
Table 1.1 Research Methodologies  
 
Detailed research methodology will be discussed in chapter 3 Research Methodology. 
The Research Methodology comprises data collection process and data analysis 
process. Several case studies were selected to learn the nature of mould growth in 
HDB environment and were analyzed due to spore, nutrients and microclimate 
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condition. Furthermore, FMEA approach is used to develop prevention and 
remediation strategies. 
 
1.5. Scope of Research  
The scopes of this research is to investigate mould growth causation in the HDB 
environments of Singapore only which is associated with mould-friendly 
moisture/humidity, temperature, nutrition, and air flow movement.   
 
This thesis also discusses the proper remedial and prevention action of building 
defects in detail to avoid future recurring and provide a healthy indoor environment 
due to mould growth. Building defects are, throughout time, cost consuming and, 
sometimes, harm people’s health. It is best to avoid building defects and recurring 
mould by preventative methods, such as operating preventive maintenance regularly. 
 
This thesis, however, will not discuss the health effects and procedure of moulds 
spore deposits to lungs. 
 
1.6. Gap of Knowledge 
The present mould growth investigation only analyzed the mould samples taken from 
problem sites (Barney, 2008); it did not record the site’s condition (moulds spore, 
humidity, nutrition, and climate) because most of them were conducted in the 
laboratory in the controlled environment. Therefore, detailed causation for each 
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sample was not fully recorded or evaluated. Prevention and remediation action were 
also rarely discussed.  
 
Because some of the cases had a very large area and had a significant impact to 
building durability and occupant’s health, most of the actions only regard 
remediation; less prevention was discussed. This happened because most of the 
research focused in the IAQ cases and less in building defects. From IAQ point of 
view, mould is one of the biological pollutants which have to be removed before harm 
people’s health. 
 
Mould growth assessment focused on remedial action (clean up and disposal) and 
prevented action focused on operational and maintenance phases (regulating moisture 
and temperature steadiness). Rarely were remedial and prevention methods, as related 
to tropical climates, discussed. In addition, most of the case studies were of public 
buildings in sub-tropical climates (Strang and Dawson, 1991; Haverinen-Shaughnessy 
et al, 2008; Salonen et a, 2007). Residential buildings, on the other hand, can present 
different problems which, in turn, call for different solutions. The health affects are 
also different, as home is both a family’s asset and place to raise the family. The 
quality of its environment has to be maintained carefully. Therefore, this research 




1.7. Contribution to the Knowledge 
Mould growth is a re-curing problem in all buildings including HDB environment. 
The best way to avoid the problems is to avoid mould growth and having a preventive 
maintenance strategies and remediation method if the problems occur. 
 
This thesis formulated preventive maintenance and remediation for HDB environment 
in Singapore that were infected by mould growth. It started with listing and 
identifying the root problems of each mould growth cases with FMEA (Failure Mode 
and Effects Analysis) approach. This method was introduced by Nielsen (2002) 
however in his articles, the approach focus on building in general in sub tropical 
climate. In this thesis, some of changes are made to adapt in tropical climate. 
 
1.8. Thesis Outline  
Chapter 1 briefly reviewed the most common mould growth causes in the building 
environment, in this case HDB environment. Scope of research and gap of knowledge 
of the study and prevention and remediation strategies are also discussed.  
 
Chapter 2 reviewed the mould species and the condition that supports them to grow 
and germinate. The discussion in this chapter highlights moisture and temperature 
attributes of indoor and outdoor environments. Mould spore dispersal is also 
discussed, as part of the mould’s life cycle.  
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Chapter 3 discussed the research methodology that comprise of building inspection in 
HDB environment due to mould growth, indoor and outdoor measurement followed 
by with interview with HDB residents. 
 
Chapter 4 reviewed the statistical data and survey from the HDB and NEA during 
December 2006-December 2007. It reveals the most mould growth infections that 
were happened in the HDB. 
 
Chapter 5 discussed the results of data analysis.  
 
Chapter 6 summarized the case studies in Singapore, and further summarizes the 
mould growth causes in HDB environment. This chapter also includes preventive 
maintenance with FMEA approach. 
 












2.  Literature Review 
2.1. Moulds in Building Environment 
Mould is a term used to describe imperfecti fungi. Generally, fungi are a 
microorganism that has following characteristics (Videla, 1996): 
1. Eukaryotic microorganisms with rigid cellular walls and without chlorophyll. 
2. As heterotrophic microorganisms, they obtain their food as soluble substances that 
come trough the plasmatic membrane just like prokaryotic microorganisms. 
3. Possess a thick cellular wall made by simple polysaccharide microorganisms. 
4. They present a typically ramified growth called mycelium. Mycelium itself is 
formed by single filament called hyphae. 
5. Hyphae are multinuclei tubular structures with a continuously connected 
cytoplasm. 
6. The vegetative mycelium is used to afix the organism to solid surfaces and to 
facilitate the intake of nutrients. 
7. They produce aerial hyphae where asexual spores are formed. These spores can be 
present as single cells in the extreme end of the hyphae (conidia) or in the interior 
of a structure called a sporangium. Sometimes the spores are made inside hyphae, 
originating other kind of spores called chlamydospores. The spores are easily 
transported by wind because of diminutive size. 
8. They also able to produce sexual spores as a result of sexual reproduction. 
 
Moulds are able to grow in all materials due to their ubiquitous existence. They are 
found in terrestrial and aquatic environments, parasites of living plants or as 
saprophytes growing on dead organic matter (Malloch, 1981; Ingold, 1967). In 
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building environments, moulds are able to form into colony on almost any building 
material. This condition leads to their exploitation of a building environment.  
 
Fungi are highly diverse and adaptable organisms acclimatized to all kinds of 
conditions. Therefore, out of about two million kinds of living organisms on the earth, 
fungi may constitute up to 250,000 species, though only 100,000 species are 
identified currently (Singh, 1994).  
 
As mentioned above, moulds procreate by producing spores. The number of spores 
produced by each fruit body is roughly 16 million; each hour, 100 million spores are 
released (Singh, 1994). Spores are very small and dispersed by wind, driven rain, and 
insects. The mechanisms of spore dispersal vary depending on fungi species and spore 
characteristics. Once they deposit themselves in a suitable surface, they germinate and 
then initiate new infections in its surroundings. Spore, size, shape, color, and 
ormentation, including chemical reactions of the spores, consistently grow. Chemical 
reaction of the spore is one of the important factors in determining moulds species 
(Singh, 1994). 
 
According to Heckroodt (2002), spores drop on a suitable substrate and germinate in 
order to produce one or more tube-like out-growths, called germ tubes. Each germ 
tube elongates to form long, thread-like, fine branched, tubular filaments called 
hyphae. Each hyphae then divides by transverse walls or septa into uninucleate or 
multinucleate cells. The mass of hyphae forming the thallus of moulds is called 
mycelium. Heckroodt (2002) also stated that the thallus is distinguished into a 
vegetative part, which absorbs nutrients and a reproductive part which forms 
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reproductive structures. The life cycle of a decay fungus is depicted in Figure 2.1. 
 In general, fungi have more 
complex morphology than bacteria, the majority of which are uni-cellular (Eaton and 
Hale, 1993). Uni-cellular fungi that are members of filamentous fungi are a major 
agent of some building materials deterioration, such as wood, concrete, masonry, 
stone and brick (Gaylarde, 2003).  
 
Hyphal filaments amounts are used to differentiate fungi divisions (Ascomycotina, 
Deuteromycotina, Basidiomycotina, Zygomycotina and Mastigomycotina) (Ingold, 
1965). In turn, growing hyphal forms networks of hyphae (or fungal mycelium) and 
also the most metabolically active which the growth occurs. Metabolism activity of 
mould is responsible in degrading process of building materials, such as discoloration 
and solubilization of materal substances (Eaton and Hale, 1993). 
 
2.2. Effect of Mould growth in Building Environment 
Moulds that form a colony on building surfaces are visible and usually colorful, 
producing shades of black, green, yellow, pink, white, or blue. They also produce 
Figure 2.1. Lice cycle of a decay 
fungus  
Taken from: Building Mycology: 
Management of Decay and Health 
in Buildings. Chapter 3: Nature 
and Extent of deterioration in 
buildings due to fungi, pp 37. 
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odor in contaminated buildings which, if no mould is seen, can be used to look for 
germinated mould in hidden places.  
 
If microclimate surroundings are suitable, moulds attack building environment in 
almost all of its extremities. They live mainly on starched and free sugar stored in 
parenchyma or on surface deposits detritus of masonry, brickwork, concrete, 
rendering, tiles, and paving; mould is usually found on surfaces of damp wood, 
plaster, wallpaper, or paint (Miller et al., 2005). Some of mould’s favorite places are 
located in basements, cavity walls, attics, kitchens, bathrooms, and storerooms. 
Carpets and wallpaper also trap mould spores. 
 
Moulds are often germinated in hidden places, such as behind linings and installations 
and in floors. These places are difficult to track, as they are not readily accessible. For 
these locations, mould dogs are used to help to pinpoint growth places (Kauhanen et 
al., 2002; Lorenz and Diederich, 2001). Mould growth detection with dogs help has 
been practiced in Canada (Haverkate & Associate Inc, 2005) and in the US (Yerger, 
2006) in much the same way. 
 
In general, factors that influence mould growth in building environments are related 
to humidity, temperature, spore availability, and nutrients. UV and gaseous 
atmosphere also influence the extent mycelial (Watkinson, 1994). 
 
Humidity (indoor and outdoor) has to be more than 75% (Viitanen, Undated) to 
encourage mould growth. However, Morse and Acker (2006) found that humidity is 
above 90% for mould to thrive. Nielsen et al (2004) stated that the range of humidity 
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is 69%-95%. Nevertheless, the minimum standard differs according to the mould 
species. Furthermore, ambient temperatures need to be within a specified range; for 
mould to survive, air needs to be roughly 25° - 30°C (Viitanen, undated; Morse and 
Acker, 2006, Nielsen et al., 2004); again though, each mould species needs its own 
germination conditions. For example, Xerophilic fungi can survive in places that 
exceed 55°C (Allsopp, 1985).  
 
Spore and nutrients are abundant in the atmosphere. Spores often enter building 
environments by wind or footsteps. As moulds can digest whatever humans eat, and 
only needs small amount of them, moulds also infected foods. The most favorable 
nutrients for moulds are organic materials that provide more carbohydrate for them.  
 
Buildings that are infected by moulds will degrade. Degradations are widespread and 
most likely happen to all building materials, either organic or inorganic. The 
degradation in each material is not uniform, however. The rate of decay depends on 
light, pollution, mould species, humidity, and maintenance (Nuhoglu et al., 2006; 
Herrera and Videla, 2004). Materials usage in buildings will also respond differently, 
due to different types of chemical, physical, and biological attacks. Below are some of 
the examples of how buildings rot due to mould growth. 
                   
 
Figure 2.4 Mould growth on 




Figure 2.2 Mould growth on 
the inner surface of external 











Building’s defects, caused by mould growth, will cause building discoloration and 
disfigurements. However, mechanical and chemical attacks within building materials 
may occur depend on material substances and mould species. Materials are also 
damaged by physical forces exerted by the organisms in mechanical attacks (Singh, 
1994). While involved in chemical attacks, materials are destroyed by chemical and 
enzymes that are produced by moulds (Singh, 1994).  Some of the mould growth 
activity leads to different effects varied in different materials. Table 2.1 below 
summarized some of them; 
Activity Effect(s) Material 
Physical presence Discoloration 
Retention of water 
All (organic and inorganic) 
Hydrolytic enzymes Breakdown of components; 
Degradation of short-chain 
additives 
Wood, painted surfaces, 
polymers, mortar, concrete 
Filamentous growth Disaggregation of material Stone, concrete, mortar, 
wood 
Acid production Corrosion Stone, concrete, mortar 
Mobilisation of ions Weakening and dissolution Stone, concrete, mortar 
Chelation of 
constituent ions 
Weakening and dissolution Stone, concrete, mortar 
Release of polyols 
(e.g. glycerol, 
polysaccharides) 
Disruption of layered 
silicates 
Siliceous stone 
Table 2.1 Effects of mould growth in Building material 
Taken from: Gaylarde et al., 2003. Microbial Impact on Building Materials: an overview. 
Materials and Structures, 36, June, p.344. 
 
2.3. Conditions for growth 
Mould propagation depends on climate/microclimate, spore, and nutrient conditions. 
Singapore is a hot and humid country, which has a high humidity and similar climate 
all year around. Rainy and dry seasons have similar temperature and humidity; 
therefore, moulds spores concentration in outdoor remains stable. Nutrients for 
moulds are available from foods, dead plants and animals, soils, gaseous atmospheres, 
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and building materials. 
 
As mentioned before, microclimates are more important in determining whether 
mould is able to grow. Indoor and outdoor climates are more influenced by 
surroundings and a building’s environment. Shading, building orientation, occupant’s 
activity, ventilation systems and building materials are associated to mould growth in 
building environment. 
 
2.3.1. Moisture and Temperature 
Most building decay is caused by microorganisms which are propagated by favorable 
moisture conditions. In building environments, moisture originates from indoor and 
outdoor sources. Based on building life phase, moisture sources are divided into two 
main phases: the construction phase and operation/maintenance phase.  
 
 Construction phase 
Contractors, during the construction phase, should protect materials from water 
damage, handle them in accordance to requirements that manufacturers have 
established, and to install them in accordance to the contract documents (Canadian 
Construction Association, 2004).  
 
Construction is not fully detached from the design process. Designers or architects 
have to provide detailing, system designs and material selection to prevent water 
penetration or condensation that results in mould growth in building during 
construction process or afterwards (Canadian Construction Association, 2004). 
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Accordingly, contractors also have to establish guidelines on maintenance and 
inspection for the prevention and early detection of mould.   
 
According to Associated General Contractors of America (2003), moisture is 
generally trapped within materials such as fresh concrete, green lumber, and wet-
applied insulations. For construction purposes, all of these materials eventually 
become ‘dry’; however, due to construction techniques, materials do get and remain 
wet. Construction moisture usually comes from rain, cool nights, and ground source 
moisture. Normally, piles of materials are covered to shed rain. It is also important to 
put all the construction materials on top of vapor retarders to restrict ground-source 
moisture from condensing under the rain and then, at night, covering the very same 
materials. Even during dry seasons, top surfaces can be wet with dew in the early 
morning.  
 
 Operation/Maintenance phase 
The amount of moisture in the building is dependent upon an occupant’s daily 
activity, ventilation system, and his building failures. Every human activity produces 
moisture and, as such, it is possible that moisture is trapped in room for quite a while, 
especially without a proper ventilation system. Outdoor air also brings spores and 
moisture inside, through cracks in doors and window joints. Therefore, moisture 
cannot be avoided; rather, it should be controlled.  
 
The most common indoor moisture sources are from occupants and various household 
appliances (such as a washer). From a simple human body activity, such as respiration 
to taking bath or cooking, moisture is created. Increased moisture raises indoor 
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Relative Humidity (RH). The detail of indoor moisture load in household has been 
compiled by University of Minnesota below: 
HOUSEHOLD MOISTURE LOAD 
Moisture source Estimated amount (pints) 
Bathing  
• Tub (excludes towels and 
spillage) 
0.12/standard size bath 
• Shower (excludes towels and 
spillage) 
0.52/5-minute shower 
Clothes washing (automatic, lid closed, 
standpipe discharge) 
0+/load (usually nil) 
Clothes drying  
• Vented outdoors 0+/load (usually nil) 
• Not vented outdoors, or indoor 
line drying 
4.68 to 6.18/load (more if gas dryer) 
Combustion (unvented kerosene space 
heater) 
7.6/gallon of kerosene burned 
Cooking  
• Breakfast (family of 4 average) 0.35 (plus 0.58 if cooking with gas) 
• Lunch (family of 4 average) 0.53 (plus 0.68 if cooking with gas) 
• Dinner (family of 4 average) 1.22 (plus 1.58 if cooking with gas) 
• Simmer at 203°F, 10 minutes, 6 
inch pan 
Less than 0.01 if covered, 0.13 if uncovered 
• Boil 10 minutes, 6 inch pan 0.48 if covered, 0.57 in uncovered 
Dishwashing  
• Breakfast (family of 4 average) 0.21 
• Lunch (family of 4 average) 0.16 
• Dinner (family of 4 average) 0.68 
Firewood storage indoors (cord of 
green firewood) 
400 to 800/6 months 
Floor mopping 0.03/square foot 
Gas range pilot light (each) 0.37 or less/day 
House plants (5 – 7 average plants) 0.86 to 0.96/day 
Humidifiers 0 to 120+/day (2.08 avergae/hour) 
Respiration and perspiration (family of 
4 average) 
0.44/hour (family of 4 average) 
Refrigerator defrost 1.03/day (average) 
Saunas, steambaths and whirlpools 0 to 2.7+/hour 
Combustion exhaust gas backdrafting 
or spillage 
0 to 6,720+/year 
Evaporation from building materials  
• Seasonal 6.33 to 16.91/average day 
• New construction 10+/average day 
Ground moisture migration 0 – 105/day 
Seasonal high outdoor humidity 64 to 249 +/day 
Table 2.2 Moisture Load from Household 




High RH in indoor air quality becomes unhealthy and uncomfortable to the occupants. 
Basically, all moist indoor air should be vented out while simultaneously reticulating 
fresh, outdoor air into a room. Good ventilation systems will assure that these 
conditions are achieved with less energy consumption. Since every building design is 
unique, ventilation systems should be customized.  
 
Bathroom, kitchen, basement and laundry have more moisture than other rooms in the 
home. To vent out the excess moisture, it is necessary to install a proper exhaust fan. 
Exhaust fan capacity is determined by CFM (cubic feet of air it will move per 
minute). The standard of air changing per hour for each room is in Table 2.3; 
ROOM AIR CHANGES PER HOUR 




Table 2.3 Air changes per hour in rooms 
Adapted from: Dorman, D., 1997. Moisture Control in Homes. Athens, GA: University of 
Georgia, Cooperative Extension Service. 
Noted : all the cubic feet for each room is above based on standard of housing unit in US 
 
To install the proper exhaust fan with exact necessity per cubic feet room, the below 
formulae calculate how much air changes per hour (Dorman, 1997): 
 
CFM=cubic feet/60 per hour X amount of desired air to change 
 
Sometimes, a building works against people, and for mould. Building failures, usually 
produced from complicated design, old age, improper insulations, and improper 
drainage systems can create opportunity for mould.  Complicated design on a roof, 
such as complex flashing, dueling roofs, little or no roof overhang, exterior wall 
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corners, and too many roof and wall penetrations (Moyer et al., 2001), will cause a 
building to accumulate more water. It is because these traits are prone to improper 
joints, possible cracking, water collection, and corners and spots. As a result, moisture 
is bulked-up on building enclosures and penetrates into rooms (Oliver, 1997). 
 
No doubt, old buildings have old infrastructures (plumbing, wiring) which, most of 
the time, doesn’t meet present standards. Some failures will eventually occur, such as 
plumbing leakage, cracks on the wall or floor, and discoloration. Renovation, 
rehabilitation, or demolition is necessary before a space can prevent mould as a 
normal building would. Therefore, old buildings usually face more mould growth 
problems than the new one. 
 
Insulation and drainage system are necessary to control moisture in buildings. There 
are some general strategies to control moisture at home (Moyer et al., 2001; EPA, 
2007): 
• Buildings should install proper materials that are easily to get dry and not trap dust 
and water. Vapor barriers are a good choice to avoid moisture from outside 
penetrates and condensation. 
• Flashing and roof overhang is essential in heavy rainfall areas. 
• Drainage valley and slopes in buildings are also important, in order to drive away 
rainwater. Therefore, rainwater does not penetrate into foundation or basements.  
• On should water-proof wet areas, such as basements, attics, bathroom, and pools. 
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2.3.2. Moulds Spore and Species 
Since mould spores are airborne and minute, they are present almost everywhere, 
even in most human lungs. This prevalence allows rapid reproduction, thus extending 
the existing habitat range and genetic variability (Gover, 1999; Ingold, 1965; Carlile 
et al., 2001). There are several mechanisms of spore dispersal: 
 Spore dispersal by wind 
This passive method is the most common spore dispersal mechanisms for moulds. 
Normally, mould will produce trillions of spores because the chance of spores landing 
in a suitable habitat for germination is extremely small (Ingold, 1965). The wind-
borne spores finally deposit by sediment-impaction of rain wash. Therefore, during 
the rainy season, outdoor air contains less microbial spores. 
 
Spores are normally small (1-8 µm diameter), while the rate of fall in still air is less 
than 10mm/sec (Gover, 1999; Deacon, 2005). The deposits of spores are mostly 
determined by air turbulence or the mass movement of air caused by gravity.  
 
These small spores are able to travel in a very long distance (for example: Puccinia 
gramminis travel from Australia to New Zealand) and remain dormant for many days 
(Gover, 1999). They reach very high altitudes when traveling; for example, in the 
1930’s, planes flying at 10,000 feet commonly recovered fungal spores from that 
altitude (Gover, 1999). Those results were demonstrated fungal capable to travel long 




This type of spore dispersal is much influenced by the seasonal weather. In dry 
weather, the air is rich in spores. During heavy rain, all the spores will wash out from 
the air and deposit onto the nearest surfaces. Brundett (1990) successfully compiled 
several moulds spore that are known for their size and terminal velocity. 
           
Figure 2.5 Spore dispersal by wind 
Source: www.herbarium.usu.edu/fungi/FunFacts/Dispersal.htm - 13k 
 
Brundett (1990) successfully compiled several moulds spore that are known for their 


























Table 2.4 Moulds spore species and their velocity 
# still indoor air movement is normally 0.1 m/s 
note :terminal air velocity is influenced by the moisture content of spore, dry spores 
can fall 1/3 of the velocity of the saturated ones 
Taken from Brundett ,G.W., 1990. Criteria for Moisture Control.  Buttherworths. 
 
 Spore dispersal by water 
The spores of some fungi are dispersed in water or on the surface of water. The 
chemical composition of the wall of these spores is hydrophilic; the combination of 
this skin and their light weight makes them buoyant. The spores are carried along the 
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surface of the water like little boats. Water in the form of raindrops can disperse 
spores in a different way. It is shown in Figure 2.6; 
 
Some fungi produce spores that are propelled by one or two whip-like tails (flagella) 
(Carlile et al., 2001). The presence of zoospore makes it possible for these fungi to 
live in aquatic environments (both salt and freshwater) (Gover, 1999; Deacon, 2005). 
They also able to live in damp soil (Gover, 1999). Most of the species with this spore 
dispersal mechanism colonize in organic material in aquatic habitat, and some are 
parasites on algae (Deacon, 2005). Normally, aquatic fungi in freshwater produce 
characteristics tetraradiate (stellate or star shaped) spores. They easily found in the 
foam that builds up behind small obstacles in a fast-flowing stream (Gover, 1999). 
 
Other spore shape which is dispersed by water is slime that is caused by rain splashes. 
The form becomes banana or needle shaped; this change is perhaps an adaptation that 
relies on dropping water and the accompanying splash (Gover, 1999). The shapes are 
shown in Figure 2.7. Rain splash is a major cause for local dispersal for this 
mechanism. It also enables long distance dispersal in the rebounded, small spore-
bearing drops after fragmentation, when the spore is small enough to be blown by 
wind. 
Figure 2.6  Physical reaction of spore’s wall 
with rain drops 




 Spore dispersal by animal 
Spores dispersed by animal normally carried by insects and small animal. The most 
common animal-adaptation for mould spores is by those species that produce sticky, 
sugar rich spore droplets in order to attract insect vectors (Ingold, 1965). Some other 
fungi also attract flies and other insects, which then readily and rapidly devour the 
fungus; as the spores pass unharmed through their alimentary tract, they are 
effectively dispersed (Gover, 1999; Carlile et al., 2001). The most common animals 
with fungi spores are those flies, gnats, slugs, and snails – seeing as how they quickly 
find and consume mushrooms (Gover, 1999). Therefore, it is best to avoid a direct 
contact with them.  
 
Animal eat some of the fungi in fruiting organisms, which remains unharmed in the 
digestive system. The spore is then dispersed in fecal material (Ingold, 1965). This 
mechanism is much more favorable for the spores, since the chance of spore deposit 
and subsequent growth is high but also allows fungi to produce fewer spores.  
 
 Spore dispersal by their own mechanisms 
This mechanism is called an active dispersal. Some active spore releases include: 
Figure 2.7 Characteristic 








bursting cell, rounding off, and ballistospore discharge (Ingold, 1965).  All the spores 
are released from boundary layers and stick onto the nearest surfaces. Air turbulence 
helps them to travel farther.  
 
Mould species in every country is range in variety (Nielsen, 2002). This is obvious, as 
distance, genetic drift, climate, habits, materials and landscape are variable. However, 
there are some species that live in all climates. 
 
According to Nielsen (2002), moulds are categorized based on water requirements, 
and they are; 
 Primary colonizers capable of growth below a water activity (aw ) of 0.8, including 
species of Wallemia, Penicillium, Aspergillus and Eurotium  
 Secondary colonizers need a minimal aw between 0.8 and 0.9, and including 
species of the phylloplanes: Cladosporium, Phoma, Ulocladium and Alternaria 
 Tertiary colonizers need a minimal 0.9, and include Stachybotrys, Chaetomium, 
Trichoderma, Auraeobasidium and other bacteria. Usually, these are found in 
places with water damage but not high humidity or condensation. 
 
Nielsen (2002) had compiled some common fungal that were found in buildings that 







Fungal species and common infected materials 
Genus Species Natural Habitat Common material 
Water damage buildings 
Chaetomium  globosum Soil, straw, wood Mostly on wood and 
cellulose materials 
Stachybotrys  chartarum Hay and straw, paper, soil Gypsum board, pipe 
insulation 






Wet wood, soil Mostly on wood 
Alternaria tenuissima Saprophyte on plants, foods, 
cereals, leaves 
Wall  paper, gypsum 
Aureosbasidium pullulans Soil, leaves, cereal Paints especially in 
bathrooms, window 
frames, paint 
Rhodulotorula rubra  Paints, wood 




High Relative Humidity 
Aspergillus versicolor Cheese, cereals, spices, 
dried meat products 
Most materials, 
primary coloniser,  
grow in dust 
Penicillium  chrysogenum Various foods, species, dry 
cereals 
All materials 
Penicillium brevicompactum Soil, nuts, fruits and juices Wooden materials 
Penicillium corylophilum Various foods Most materials, 
primary coloniser 




Aspergillus ustus Soil, cereals,groundnuts  




Cladosporium herbarum Dead plants, stored fruits Most materials, 
especially wooden 
Penicillium palitans Cheese, wood  
Eurotium repens Cakes, dried food, cereals  




Paecilomyces variotii Compost  
Penicillium polonicum Cereals,meat products  
Aspergillus niger Dried food,spices  
Penicillium expansum Nuts,fruits (apples) wood 
Table 2.5 Some common fungal which live in buildings 
Taken from: Nielsen, K.F., 2002. Mould growth on building materials: secondary 





Nutrients for mould growth are present in soil, dung, and food. Ambient air also 
contains trace amount of usable energy. Particularly, air pollution is enhanced every 
year due to industrialization activity and transportation. Nutrients remain abundant 
airborne and substances such as carbon help keep the spores alive. All food for human 
is all suitable for moulds. Cellulose materials are the most preferred because they 
provide almost all of the nutrients needed by spores. Other materials, such as paints, 
adhesives, hydrocarbons, and plastics can be used as an energy source (Malloch, 
1981). Some moulds can even live and grow on non-organic substrates, either by 
feeding from organic matter or catching the food they need in some other way.  
 
The elements that required are carbon, hydrogen, oxygen, nitrogen (peptone, 
ammonium sulfate and nitrate), sulfur, potassium and magnesium. Some trace 
minerals, such as iron, zinc, copper, manganese, and calcium may be required (Lee, 
1988). The amount of nutrients that are needed by fungi is relatively small. For 
instance, carbon can be easily gained from atmosphere. Since air pollution is 
increasing as a result of industrialization, hydrogen and sulfur are also simply 
absorbed from air. It was also stated by Gaylarde et al (2003) that the absorption of 
harmful gases from the atmosphere increases the surface of microbial biofilms (fungi 
layers and surfaces). Fungi are also able to store nutrients for long periods of time. 
Storage of excess nutrients enables fungi to survive under conditions or periods of 
low availability (Cooke and Whipps, 1999).  
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Fungi are also tolerant to many chemical substrates; for instance, spores will grow in 
a wide PH range – from 3 to 8 (Videla, 1996). This means that fungi are able to 
survive in several acid conditions. During the growth, they will in fact lower the pH 
of their surroundings. 
 
2.4. Comparison of moisture sources in Sub-tropical and Tropical climate  
Most mould growth studies are conducted in a sub-tropical climate. The conditions 
are different in each climate due to moisture mass transfer. In sub tropical climate, the 
moisture mass transfer is generally from household appliances inside the living space 
to the colder and drier air outside. Meanwhile, in tropical climate the moisture mass 
transfer come from household appliances in addition to a tremendous reservoir of 
moisture ambient in the air (high Relative Humidity).  Therefore, some of the 
prevention and remediation methods in a sub-tropical climate cannot be applied to a 
tropical climate.  
 
This study aims to collect and analyze case studies in a tropical climate, which helped 
to build a framework with which to identify mould causes and further design mould 
prevention techniques. In sub tropical climates, the ASHRAE team has compiled the 
common causes of mould growth in the US. According the organization, excess 
moisture is the root cause for almost every case of mould growth.  
 
ASHRAE developed a simple table of moisture sources and practices that minimize 
moisture/mould problems in building. However, the guidelines are not applicable in 
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tropical climates. The table 2.6 is developed by ASHRAE while is also posing the 




Practice that minimize 
moisture/mould by ASHRAE 
Condition in Tropical Climate 
 Proper dehumidification design 
conditions 
 Proper selection of coil sections 
High Indoor 
Humidity 
 Positive humidity control with 
humidity monitoring and 
control devices used in the 
facility 
 Design based on dew point 
rather than wet bulb 
Happens in all indoor with or 
without air conditioning. 
Controlling high RH with building 
element is needed to be studied and 
discussed to develop preventive 
and remediation method. 
 
 Adequate insulation 
 Temperature control of surfaces 
to be above dew point 
Condensation happens if the room 
using air conditioning, Damp, and 
ponding water leads to cold 
bridging in some cases. 
The type of insulation also differ in 
each climate and needs to be 
studied to develop preventive and 
remediation method. 
Condensation 
 Properly placed vapor retarders Location and type of vapor 
retarders in each climate is 
different. It needs to be studied to 
develop preventive and 
remediation method. 
 Design allows proper inspection 
and maintenance activities 
 Regular documented 
observation 
 Qualified and trained personnel 
 Appropriate resources-materials 
and funds 





 Cleanliness of building and 
building systems, including 
housekeeping 
Maintenance strategies are 
developed to enhance building.  
The basic of the strategies might be 
similar for both climates; however, 
the application might be slightly 
different due to materials and 
weather. 
It is very important to develop 
maintenance strategies in tropical 
climate since the climate condition 
supports mould growth. 
Improper 
operation 
 Appropriate sequence of 
operation 
  Adherence to the building 
sequence of operation 
 Annual review of building 
operation for compliance with 
original design intent 
Building’s operation for both 
climates is different due to customs 
and building systems. 
Adjusting the building operation 
and maintenance strategies in 
tropical climate. 




 Appropriate design of 
construction details considering 
regional limitations of 
Design, construction and operation 
have to avoid moisture in any 
forms.  
Design, construction and operation 
of buildings is different in each 
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materials, workmanship, 
building operations and 
maintenance 
 Protecting building and 
building materials during 
construction 
 Supervision workforce: quality 
workmanship 
 Verification of building system 
operation 
 
 Proper and timely drying and 
repair of wetted materials 
following moisture 
accumulation or water damage 
climate, develops guideline and 
standard in tropical climate will 
enhance building durability and 
quality. 
 Minimizing water and air 
infiltration 
o Seal penetrations 
o Proper penetrations 
flashing 
o Minimize water 
entrainment at openings 
Tropical climate has more rainfall 
than sub tropical, the strategies to 
minimize water and air infiltration 




 Appropriate control of site 
drainage away from building 
envelope and materials 
Drainage system is different 
between 2 climates. While in sub 
tropical climate has to consider 




 Pressurization appropriate to 
climate and facility 
requirements 
It depends on temperature, 
ventilation system, opening 
designs and lay out design. As in 




n of outside air 
Tropical climate has high humidity 
all year around. 
Control of health and safe 
humidity in indoor is very 




 Appropriate control and 
monitoring of outside air intake 
and exhaust systems 
Control of ventilation system 
therefore outdoor pollution and 
high humidity from outdoor is not 
polluted indoor air. 
Study to reticulate indoor air to all 
room in building is very important 
 Properly sloped and sized drain 
pans and lines 
 Appropriate use of anti-
microbials 
 Minimize moisture carry over 
 Adequate equipment insulation 
(non-condensing) 





HVAC systems  
 Appropriate equipment location 
All HVAC system deals with the 
same problems for both climates.  
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(conditioned or non 
conditioned) 
 







 Appropriate installation of 
plumbing system 
  Minimize water leaks including 
those attributable to other trades 
(nail through pipes) 
  Adequate insulation for 
dewpoint control 
  Prevent address sewage 
backflow 




 Properly account for moisture 
producing activities 
  Proper combustion air and 
venting of appliances 
  Properly address changes in 
area usage or equipment 
Daily activity for each climate is 
similar; however customs and habit 
are obviously different. It needs a 
detail research through interview, 
observation and survey to find the 
moisture sources due to this 
subject. It will contribute to 
develop prevention and 
remediation method. 
Weather  Design building envelope for 
climate conditions 
  Proper and timely drying and 
repair of wetted materials 
following catastrophic events 
Weather is obviously different in 2 
climates. In Tropical climate, 
weather condition has a high 
influence of moulds reproduction 
and germination process. 
Table 2.6 Minimizing indoor mould problems in sub tropical climate and condition in tropical 
climate 
Taken and adapted from ASHRAE, 2005. Minimizing Indoor Mold Problems through 
Management of Moisture in Building Systems : Position Document. Available from: 
www.ashrae.org/content/ASHRAE/ASHRAE/ArticleAltFormat/20058285945_347.pdf) 




Based on Table 2.6, it is clearly seen that design, construction, and operation (which 
includes prevention, remediation, and maintenance) strategies would greatly help to 
reduce mould prevalence. Those strategies are very important, in order to improve 
building durability and life-quality in the tropic. Therefore, in this thesis, design 
specification and maintenance (prevention and remediation) strategies were developed 
to avoid moulds growth and the recurring. 
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2.5. HDB Singapore 
HDB (the Housing Development Board) is Singapore’s public housing authority and a 
statutory board under the Ministry of National Development. HDB provides high-rise 
public housing for Singaporeans, in order to solve overcrowding. HDB success in 
providing public housing is entrenched in the final product’s affordability; therefore, 
80-90% of Singaporeans choose HDB apartments as their home. The resident 
population growth can be seen on Figure 2.8. 
 
 
Figure 2.8 Population in Singapore and in HDB Flats 
Taken from: HDB annual report 2005-2006: Statistical and Charts 
  
From the figure above, it was only 0.6 million Singaporean do not live in HDB flats. 
However, the percentage of Singaporean live in HDB flats was raised until 1990 and 
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remained stable in 1995-2000 and decreased in 2005-2006.  Figure 2.9 shows the 
percentage of Singapore population living in HDB flats during 1960-2006: 
 
 
Figure 2.9 Population in Singapore and in HDB Flats in 2005-2006 
Taken from: HDB annual report 2005-2006: Statistical and Charts 
 
Most recently, HDB has successfully built 879,092 dwellings in Singapore while 12, 
571 were under construction during 2005-2006. The detail of residential properties 
per as at 31 March 2006 is reviewed in the Figure 2.10; 
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Figure 2.10 Residential Properties as at 31 March 2006 
Taken from: HDB annual report 2005-2006: Statistical and Charts 
 
The demand for HDB flats is still high for year 2005-2006, even though private 
residences are offered on the market. HDB demands are not only for ownership, but 
also rental flats.  
 
The demand for flats is depicted in Figure 2.1: 
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Figure 2.11 Demand for HDB flats 
Taken from: HDB annual report 2005-2006: Statistical and Charts 
 
Furthermore, HDB has three main roles (HDB website, 2008): 
 Providing affordable, quality homes 
HDB unit is planned to be a good quality homes and living environments. Therefore, 
HDB actively do research and development work to ensure that cost effectiveness and 
quality standards.  
 Ensuring vibrant towns 
HDB is bringing the new features, facilities and improvements to old and new HDB 
estates and towns to ensure their vibrancy and continued relevance. 
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 Focusing on the community 
HDB also incorporates lively environments for residents to mingle and interact. 
Public housing policies and schemes are developed to support national objectives, 
such as racial harmony, stronger family ties, and a focus on sectors of the population 
in need of specific attention (such as elderly and financial assistance). 
 
2.5.1. HDB unit Maintenance  
Maintenance procedures for HDB units are fully responsibility of HDB owner. 
However, for new HDB units (up to 1 year old), HDB undertakes repair liability. To 
help HDB occupants, HDB released a maintenance handbook on their website, the 
purpose of which is to guide HDB occupants in looking for common HDB defects. 
However, this handbook is not as comprehensive as it should be; in short, there are 
few correct remediation methods, most of which are not accompanied by alternatives. 
In addition, remediation is not accompanied by prevention strategies. 
 
As seen on the HDB maintenance handbook, problems related to loose water (leakage 
to water penetration) is discussed more than others. Even in section “Simple 
Household Repairs”, all of the problems are related to leakage problems. The 
problems that are assessed on the maintenance handbook are shown in Table 2.7: 
Household Problems 
Air conditioner Noise, condensation, corrosion bracket 
Ceiling Leakage Stain, water penetrations 
Consumer unit Faulty appliance, wrongly connected cables, live cable 
touching metal parts 
Door (timber) Difficult to open or close 
Door closer Close too fast and not shut as its own 
Electrical accessories No power supplies 
Electrical Wiring License to re-wiring 
Floor (tiles) Stain on joint, loosened tile grout, cracked, popped up 
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Floor (Parquet) Lack luster varnished surface, localized discoloration, gap 
between timber strips opens up, hollow or bulged up 
parquet strips 
Floor trap at bathroom and 
kitchen 
Water overflowing from the floor trap 
Household shelter Connecting screws 
Main entrance gate Wear and tear of bolt, rubbish in bolt hole 
Pipes Pipe joint leaks, now water supply, low water supply, slow 
flow water, vibrating sound, pipe leakages, slow discharge, 
waste water cannot be discharged 
Shower screen Accumulation of dirt, fungi growth, loss adhesion of sealant 
Sink and wash basin Choke in bottle trap 
Spalling concrete Carbonation 
Wall cracks Material expand because of thermal or moisture 
Water closet (cisterns) Water overflow or filling in slowly, after flushing water 
continuously flows into the pan 
Water closet (pedestal) Blockage in the sanitary pipe 
Windows Sliding  track stuck with dirt, decayed window parts, rusty 
butt hinges,  
Table 2.7 Problems in Maintenance Handbook by HDB 
Source: HDB Resident’s Handbook Your Household: Repairs and Maintenance Guide, 2003 
 
The problems with grey highlight are moisture and mould growth related problems. 
As seen in the Table 2.7, most of the common problems in an HDB household are 
related to water (leakage, blockage). All leakage problems lead to mould growth, as 
many of them cause high indoor RH and moisture contents inside the building 
materials. 
 
2.6. Summary of Literature Review 
Mould is a primary source of building biodegradation, along with algae and bacteria. 
It poses a serious threat to building durability and human health, since moulds spore is 
ubiquitous and airborne. Moulds infect buildings in their germination stage, where 
they remain until they grow and reproduce spores. Hyphae and mycelium are 
infiltrated into materials cause cracks and porous. Metabolisms cause discoloration, 
solubilition, weakening, and breakdown of components and harm people’s health.  
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It is important to control mould growth in built environment. For this, one should 
review three factors that affect growth: species of moulds spore, nutrients, and 
moisture. Moisture, in turn, must be regulated within range. High moisture not only 
causes moulds to grow, but also makes housing conditions uncomfortable. However, 
too little moisture can suffocate dry and brittle inorganic materials. Sources of 
moisture have to be understood to develop prevention and remediation of mould 
growth. 
 
Prevention and remediation method is very important to avoid mould growth in a 
building. For a tropical climate with high rainfall and high humidity and temperature, 
preventive and remediation methods are crucial to maintain building durability and an 
occupant’s health. Based on the discussion in the literature review, the research gap in 
this subject is the applicable prevention and remediation methods for tropical climate. 
 
Schleibinger (2008) states that “there are considerable gaps in knowledge about 
mould growth in buildings, for example there is no accepted metric for dampness, nor 
is there information on the effectiveness of modifying building design, construction 
methods, or regular building operations and maintenance in reducing dampness”. As 
such, finding and formulating prevention and remediation and maintenance strategies 
are the objectives of this study. In order to do so, this thesis analyzes numerous case 
studies in order to find the root problems to formulate prevention and remediation 
methods for mould growth. 
 42 
3. Research Methodologies 
 
The Literature Review showed that research has been conducted mostly in sub 
tropical climates, where prevention and remediation methods have since been 
comprehensively developed. On the other hand, tropical climates, with high rainfall, 
temperature, and humidity, require different methods. The first step to build 
preventive maintenance techniques is to conduct a detailed and thorough building 
inspection which will yield the stage of destruction, type of degradation, causation, 
prevention, and remediation methods (Chin. 2003).   
 
For this study, the research methodology will comprise: 
1. Data collection process 
Data collection process included building inspection, interview with HDB occupants, 
visual investigation, indoor and outdoor measurement. Statistics data from HDB 
(House Development Board) and NEA (National Environment Agency) were also 
collected. HDB Maintenance report from December 2006- December 2007 showed 
the number of reported moisture related cases in HDB environment, while field 
survey report from NEA was pointed out several HDB outdoor conditions with 
stagnant water. 
2. Data analysis process 
Analysis of each collected data was done by using some parameters that was detailed 
in chapter 3.2 Data Analysis. Furthermore, analyses of the causes of moulds growth to 
develop prevention and remediation strategies were using FMEA approach. 


















































































































































































































































































































































































































































































































3.1. Data Collection Process 
3.1.1. Selection and Characteristics of Sample HDB unit 
Data collection was only conducted in an HDB unit with visible mould growth. 
Visible mould growth usually forms stains, discoloration, and rust on appropriate, 
reactive materials. Some of the visible cases appear to have a mouldy odor; as for 
hidden growth – it was not investigated, due to the instruments needed and damage as 
result to conduct such an investigation. Most every HDB unit selected was 4 to 5 
rooms in size. Other types, such as 3 rooms, masionettes, and executives, were not 
visited because the polled HDB occupants did not respond. All units had natural 
ventilation. 
 
As spores able to travel in a very long distance (for example: Puccinia gramminis 
travel from Australia to New Zealand) and remain dormant for many days, as well as 
fly 10,000 feet high, all HDB unit, regardless of distance from the ground, were 
investigated (Gover, 1999). Therefore, higher floors HDB units have the same threats 
of mould spores in ambient air as those on lower floors. 
 
The causation mould growth varied, each of which were unlike the rest. However, all 
causation was related. The problems, of course, became worse if the stain became 
bigger, even if the owners had previously cleaned the stain. This particular problem 
will be selected and detailed in the case study analysis.   
 
58 units were inspected, 43 of which were indoor, while 15 were outdoor and 
inspected during May-June 2007 and January 2008. The location was spread across 
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Singapore (refer to Chapter 5 for more details).  
 
There were certain case studies were detailed. Choosing which case studies would be 
detailed is based because of they most common cases happened in HDB.  
 
HDB and NEA have statistical data and field survey data related to mould growth 
problems. HDB report showed leakages was the highest causations of the mould 
growth and NEA field survey showed that having plants, broken drain/scupper, 
ponding water were happened in high number in Singapore that might lead to mould 
growth problems. All cases that related to all that mentioned above were selected and 
detailed to develop prevention and remediation strategies due to mould growth in 
HDB environment.  
 
 
3.1.2. Building Inspection  
Building investigations were conducted, in order to do visual inspection, measure 
indoor and outdoor condition and find the moisture sources.  
 
Most of the measurements were taken in the morning at about 10am, which should 
have resulted in the most accurate average ambient temperature and humidity. Moulds 
samplings were not taken because samplings were not always be conclusive 
(Niemeier et al., 2006). They were not necessary either, as moulds may be cleaned 
without first determining the species or genus. In addition, most remediation action is 
not based on species or genus but the dimension of contamination area and building 
material’s specification (EPA, 2001). Furthermore, air samplings were not taken 
because spore is a spatiotemporal (Niemeier et al., 2006) and also inconclusive due to 
 46 
spore concentration and location. 
 
3.1.2.1.Visual Investigation 
Before the measurement was taken, visual investigations have to be conducted to 
locate and determine how the problem spots (Minnesota Department of Health, 2001). 
Indoor visual investigation was undergone in order to identify spore nutrition sources. 
During visual investigation, it was also possible to build hypotheses of moisture 
sources and possibility of moisture problems (Chin, 2003).This is the first stage to 
decide the proper remediation strategy. Visual investigation was thorough and 
included all building elements, especially ceiling tiles, wall paper (especially if vinyl 
and peeling), cracks in the wall, window sills (condensation), carpets (stains), surfaces 
of materials that may provide nutrients, bathrooms, showers, toilets, plumbing pipes, 
and appliances (Workplace Safety and Health Division Manitoba Department of 
Labour & Immigration, 2001).  
 
3.1.2.2.Measurements in HDB unit 
A thorough and detail of HDB unit of mould growth helped to determine the nature 
and the symptoms of moulds attacks. Therefore, mould growth is expected to be 
prevented in the future design and stop the recurring. 
 
As mentioned before, the measurement was taken indoor and outdoor. Indoor 
measurements were taken within the contaminated room and material’s surface. 
Outdoor measurements were taken as reference. Indoor and outdoor measurements 
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took 1 minute for each measurement process, with each instrument that is detailed in 
Table 3.2. All of the instruments give an immediate result.  
 
• Indoor Measurement 
Indoor measurements included the occupant’s activity in the home for 24 hrs. In the 
home, excess moisture is generally caused by occupants’ daily activity, such as taking 
a bath, laundry, mopping, etc. Inspection of plants, pets, and square feet per person 
were made. Indoor measurement is similar with outdoor measurement; however, 
indoor measurement also includes material surface temperature and moisture. The 
detail of measurement is in Table 3.1: 
Part to measure Purpose Equipments 
Air velocity and 
direction 
to predict any possibility of evaporation or 
moisture travel in vapor form, 
pressurization in room ( positive or 
negative) 
Anemometer and tissue 
Surface Temperature to predict possibility of surface 
condensation 
Infrared thermometer  
Surface Moisture  to predict possibility of surface 
condensation 
Moisture meter 
Ambient temperature to predict possibility of surface 
condensation, air direction, pressurization 
in room ( positive or negative) 
Vaisala 
Relative humidity to predict possibility of surface 
condensation, moist in air  
Vaisala  
Table 3.1 Detail Measurement  
 
For documentation, a camera was used to take the picture of contamination area in 
each HDB unit. The camera was also used to take outdoor pictures of areas that were 
likely to contribute to mould growth inside the HDB unit. 
 
• Outdoor Measurement 
Outdoor measurement was taken from outside of the contaminated room’s window by 
hands holding. This outdoor measurement was for reference and comparison to the 
indoor environment. The measurement covered wind velocity and direction, ambient 
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RH and temperature. Noting the surrounding area and condition (plantations, large 
wet surface and building facing) was also conducted as part of outdoor visual 
investigation before doing the measurement (Christian, 1994). 
 
• Instruments for outdoor and indoor measurement 












velocity in indoor 
and outdoor 
Measure 
temperature on the 
contaminated 
surface 
Operated  Battery Battery  Battery Battery  
Destructive Non destructive Non destructive Non destructive Non destructive 
Reading 8%-40%  0-100% 
-20 - 60°C 
1- 80 m/s -30°C- 500°C 
Accuracy in 0.1% increment ±2% 
±0.3°C 
±2.5% of reading 
at 10.00 m/s 






















     Table 3.2 Instruments for indoor and outdoor measurement 
 
 
3.1.3. Interview with HDB occupants 
During the HDB investigations, interviews with HDB occupants were conducted (Ren 
et al, 2001; Su et al, 1992). The question-answer sessions was held informally, both 
before and after measurements were taken. The questions started with general matters 
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then moved to room-specific questions. The interview usually started once the HDB 
occupants confirmed there were stains in their units during correspondence. The 
general questions that were asked are listed in Appendix B.  
 
3.2. Data Analysis  
Data was collected during building inspection and interview with HDB occupants 
then later were analyzed, based on moisture sources, nutrient sources, and spore 
availability. The data are described in Appendix C, D, and E.  
 
3.2.1. Methodology of Data Analysis  
All the mould growth cases were analyzed by the following contributing factors to 
find the causations of mould growth: 
1. Moisture Sources analysis 
 Indoor air temperature 
Indoor air temperature shows the air ambient temperature in the contaminated area 
(usually lower than outdoor). If the indoor temperature is slightly lower than outdoor, 
wind from outside enters the room, thus aiding the evaporative process. This 
temperature is compared to surface temperature to detect cold surface/ spots. 
 Surface temperature 
Surface temperature of contaminated materials shows possible moisture sources such 




 Moisture Content 
Moisture content shows whether the moisture inside the contaminated materials is 
excessive or not. Excess moisture might come from several sources; however, excess 
moisture inside the materials might indicate cold bridging, water seeping or moisture 
trapped or travel.  
 Relative Humidity 
High RH indicates excess moisture in the air therefore mould is most likely to 
propagate in that space. High RH also indicates leaks, rain penetration, cracks, 
moisture trapped, and unreticulating air inside the room. 
 Building materials 
Building materials is important as energy sources and food for moulds during 
germination and reproduction. The analysis of building materials includes nature of 
materials (organic/inorganic), porosity, permeability and material substances.  
 Windows location 
The analysis of windows is only noting the location the windows and possible to bring 
in UV and outdoor fresh air. It also includes the potential of evaporation, rain 
penetration and condensation. 
 Stain locations 
Stain location show the possible moisture’s problem, infected surface and spore 
sources. It also indicates building failures that might lead to moisture problem. Stain 
forming processes are also discussed and analyzed. 
 Occupant household behavior  
Occupants’ behavior can bulk-up moisture inside buildings. Interviewing the HDB 
occupants is to collect the data of occupants’ household behavior such as stacking up 
materials to the ceiling or keep wet laundry inside the house. 
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 Outdoor air temperature 
Outdoor temperature is taken as reference and comparison to indoor temperature.  
 Outdoor air Relative Humidity 
Similar with outdoor air temperature, it is taken as for reference and comparison to 
indoor environment.  
 Plants 
Plant density affects moulds spore concentration therefore analyzing the distant 
between plants and building lead to possible spore sources. 
 Wind direction and velocity 
Wind direction and velocity affects moulds spore dispersion, possible moisture travels 
and evaporation process which was measured with a piece of tissue. If the mould 
spores are dispersed to the building, spore will enter a home quickly.  
 Free standing water /Leakage /Ponding water 
Free standing water from plants, rainwater, leakage, or seepage all poses problems. 
By searching them inside the buildings, the possible source of the moisture are 
identified. 
2. Nutrients 
Nutrient sources are analyzed based on source. Normally, building materials 
themselves, food scraps, and garbage are the main nutrients. Meanwhile, outdoor 
spaces usually have more nutrient sources. 
3. Spore  
Spores are analyzed based on dispersion mechanisms, source of spores, and 
sometimes the mould species. 
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By analyzing all the contributing factors above, the root causes of mould growth is 
found. The next step is to formulate the design, prevention, remediation, and 
maintenance strategies to solve mould problems. For this, further analysis was 
conducted, using the FMEA analysis as a starting point.  
 
3.2.2. FMEA Analysis to develop Prevention, Remediation and 
Maintenance Strategies for Mould growth Attack in HDB 
environment  
This method however, was firstly introduced for building sector by Nielsen (2002). In 
his paper, FMEA was used to develop prevention of moisture problems in general 
building in sub tropical climate. In this paper, however, FMEA approach is used to 
develop prevention, remediation and preventive maintenance for HDB unit in 
Singapore due to mould growth attack. 
 
Failure Mode and Effects Analysis is described as intended to recognize and evaluate 
the potential failure of a product (in this case HDB units and the environment) or 
process (construction) and find its effects (Nielsen, 2002; Moubray, 1999). According 
to Stamatis (2003), “FMEA is a specific methodology to evaluate a system, design, 
process, or service for possible ways in which failures (problems, errors, risks, and 
concerns) can occur“.  
 
It is systematic and analytical quality design and planning tool for identifying failures 
of the product, service and process design and development stages (Aldridge and 
Dale, 2003). The early and consistent use of FMEA in the design process allows the 
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designer to design out failures and long durability buildings. FMEA also capture 
historical information for use in future product improvement (Crow, 2002). 
 
In most cases, the effect of the failure is not detected until it occurs. It is similar 
happened to moisture problems in building. However, with the FMEA approach, 
detection of failure is possible by identifying certain symptoms, after which 
diagnostics are used to determine the cause (Stamatis, 2003). 
 
For this thesis (mould growth cases in HDB environment), the proper FMEA types to 
be used is System FMEA. It is because HDB environment is a holistic system which 
has supportive and complicated sub-systems that have to maintain in a proper balance 
operation.  This necessity matches with System FMEA goal, which is to define and 
demonstrate a proper balance among operational (maintenance) and economic factors 
(Stamatis, 2003). A system FMEA usually is accomplished through a series of steps 
to include conceptual design, detail design and development, and test and evaluation 
(Stamatis, 2003). 
 
Within the System FMEA process, mechanisms of the failure are very important to 
determine the possible causes of failures that will lead to root causes (Wang and 
Roush, 2001). Therefore, the similar failures in the future can be avoided and the 
quality of the product (HDB environment) is enhanced.  In addition, the procedure 
FMEA is a living document that is possible to be edited in the future to maintain the 
quality (Aldridge and Dale, 2003).  
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According to Modarres et al (1999), the procedure of System FMEA approach to 
develop prevention, remediation and maintenance strategies for mould growth attack 
is described below: 
1. Define the system to be analyzed 
In this thesis, the system is HDB building, which has several sub-system related to 
mould growth problems, they are: rooms (ceilings, walls, floors), water system, 
natural ventilation system, climate, and environment (rainwater, high humidity, 
temperature and indoor moisture). 
2. Construct a block diagram of the system 
A block diagram of the system and sub system is developed based on the system and 
sub-system above. The detail description is in chapter 6.3. 
3. Identify all the potential item failure modes and define their effects on the 
immediate function or item, on the system, and on the mission to be performed 
All the potential item failure modes due to mould growth are related to moisture 
problems. Moisture problems were the result of building failures such as leakages, 
cracks and rainwater penetration. There are two effects of those failures, firstly is 
immediate effect such as damp and freestanding water, and secondly is 
stain/discoloration and mouldy odor. Table 6.8, 6.9 and 6.10 is compiled all the 
moisture problems and effects of moisture problems in HDB environment. 
4. Evaluate each failure mode in terms of the worst potential consequence, which 
may result and assign a severity classification category 
In this step, the problems are evaluated and categorized based on the major 
causations. There are three major causations of moisture problems in HDB 
environment; free water, condensation and interstitial condensation. The detail is 
compiled in Table 6.8, 6.9, and 6.10. 
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5. Identify failure detection methods and compensating provisions for each failure 
mode 
Failure detection of moulds growth is to regularly inspect the property for any 
symptom of moisture problems, such as mouldy odor, freestanding water and 
stain/discoloration. Prevention and remediation methods are listed in Table 6.11, 6.12 
and 6.13. 
6. Identify corrective design or other actions required to eliminate the failure or 
control the risk 
Moisture problems have to be prevented and controlled with proper maintenance. The 
preventive maintenance and remediation strategies are compiled in Table 6.14, 6.15, 
6.16 and 6.17. 
7. Document the analysis and identify the problems which could not be corrected by 
design  
Some of the moisture problems might be not corrected with design such as household 
load moisture, plants and climate. Those conditions are documented to be analyzed 
and become maintenance part that has to be elaborated to HDB occupants.  
 
The analytical procedure of System FMEA is to develop prevention and remediation 
of mould growth and preventive maintenance for HDB unit.  The Q-Map of FMEA 












































































































































































































































































































































































































































































































































































































































































3.3. Summary of Research Methodology 
To achieve the objectives of the research, it needs a comprehensive and detailed research 
methodology. For mould growth cases in the HDB environment, research methodology 
started with building inspection as part of the data collection process. 
Before doing the building inspection, there were certain characteristics of HDB unit that 
have to be considered. First, only visible mould growth was inspected. Hidden moulds 
were not part of the research although the impact might be greater than the visible one. 
Any HDB unit is possible to be inspected regardless of their heights, orientation and 
location. It is because moulds are able to attack any surface as long as the condition is 
suitable. HDB units also have to use natural ventilation.  
Building inspections are meant to find the causes of the cases. Therefore, building 
inspections have to be thorough and detailed. Building inspection entails visual 
investigation, indoor and outdoor measurements, and interviews with HDB occupants. 
Visual investigation was conducted to find the visible moulds (color and size) and look 
for the possible moisture sources. It also included surveying the surroundings for blocks, 
plants, ventilation conditions, and equipment. Indoor and outdoor measurements were 
conducted to measure temperature, humidity, and moisture content of the contaminated 
area. Wind velocity and direction were also evaluated, in order to find the possible 
moisture travel-rates and evaporation processes. Interview with HDB occupants was 
conducted in order to better identify any routine maintenance and daily activities. 
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Some of the cases that were collected had been selected to study the nature of mould 
growth. The selection was based on the most common and unique causation of case 
study. 
Afterwards, the data from each of HDB units was analyzed, in order to find the causation 
of mould growth. Generally, all cases were moisture-related; therefore, in this case, 
analysis focused on moisture sources. However, there were some contributing factors of 
moisture problems that had also been analyzed, such as indoor air temperature, surface 
temperature, moisture content, RH, building materials, windows location, stain location, 
occupants behavior, outdoor temperature, outdoor RH, plants, wind direction and 
velocity, free water/leakage/ponding water, nutrients, and spores. 
 
The moisture sources were mostly obvious, but some of the cases might have hidden 
causes. The hidden causations were analyzed until the root causes are found. This is 
eventually to develop prevention and remediation methods due to mould growth 









4. Mould growth Cases related based on HDB and NEA data 
4.1. HDB Maintenance Report and Statistical Data December 2006- December 
2007 
HDB maintenance report shows moisture problems and stains that lead to mould growth 
inside the HDB units.  
Some of the symptoms of moulds attack in HDB indoor environments are black patches 
or colorful stains on surfaces. Those symptoms come from moisture problems. According 
to HDB (2007), of the 877,841 premises that had been managed within a year, there 
occurred 19,955 leakages, 3,000 A/C leaks, 3,432 water seepage cases, and 3,600 stains 
cases. This number was considered high, even for this region. In addition, there were 
many additional unreported cases, the true value of which is unknown.  The figure is 
















Water Seepage Stain Total Case Moulds
related
HDB maintenance case reported Dec 2006- Dec 2007
 
Figure 4.1 HDB Maintenance case reported in Dec 2006-Dec 2007 
Source: HDB 
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The unreported cases were happened because most residents think that the stains are from 
dirt. Some try independently to clean the area, using detergent or solvent. Most of the 
times, the stain will come back within 2-3 days.  
4.2. NEA Data Survey December 2006-2007 
Outdoor air influences indoor air quality, especially if the dwellings use natural 
ventilation, which relies on outdoor fresh air. Singaporean outdoor conditions are humid, 
with high heat and a great deal of rainfall. In these conditions, mould will very likely 
germinate on almost any surfaces. Therefore, outdoor moisture sources also have to be 
controlled. By controlling outdoor moisture sources in the home, as thus preventing 
spores, indoor air quality will be enhanced. In addition, this also reduces possibility of 
mould growth, both indoors and out. Some of the outdoor moisture sources are: ponding 
water on roof, bulky area, plants, and drainage, as related by the NEA conducted from 
December 2006 to December 2007. The figure is able to be seen below; 

















Figure 4.2 HDB outdoor environment potential breeding sites 
Data source from NEA survey December 2006- December 2007. 
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As seen on the diagram above, broken drain/scupper constitutes the highest number of 
drainage problems. According to the NEA (National Environment Agency) (2007), in 
3,052 found cases, broken drain/scuppers contributed to 575 mould instances.  
4.2.1. Drain/Scupper in HDB environment 
Drain/scupper, waste and bulky areas, roofs, and plants/flowers contain stagnant water 
that will evaporate and add up more moisture in the air. Drain/scupper problems were 
also detailed according to location; stagnant water in drainage areas leads to 
discoloration, mostly dark green to black patches. Those stains are probably because of 
diatom algae or bacteria; however, moulds were normally found in the colonies.  
According to NEA survey (2007), some areas in Singapore were found to have more 
broken drainage than others. The figure can be clearly seen in Figure 4.3; 
Drain/Scupper





















Figure 4.3 Broken drain/Scupper in HDB environment based on area 
Data source from NEA survey December 2006- December 2007 
 62 
Broken drainage systems, which fail to discharge water properly from the premises, 
contain dirt and germs. If the water is not discharged well, it will be accumulated and 
stagnant. Later on, it creates a cold spot. Cold spots then lead to thermal bridging in 
several places, such as a balcony, roof top, and porch. It easily causes condensation on 
material surfaces that contact with warm air. The water then seeps into the room and add 
to indoor RH. This condition then leads to microbial growth, mostly fungi. 
 
Drainage systems that had been inspected by NEA survey team consisted of several 
drains that are derived in Figure 4.4; 
Drain/Scupper 
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Figure 4.4 Broken Drain/scupper types in HDB environment based on NEA survey 
Data source from NEA survey December 2006- December 2007 
 
From the chart above, HDB corridor scupper/gullies were the most likely of all the 
common problem areas to contain stagnant water. In outdoor HDB environment, 
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scupper/gullies also lead to mould growth. Stagnant water in this area, along with dead 
leaves and dirt, are highly conducive to mould growth. Furthermore, if the indoor 
environment has suitable moisture, it is also very likely that the area will be contaminated 
by moulds and form dense biofouling. This is especially true if indoor environments 
contain fibrous materials, food scraps, and lack of maintenance.  
 
Scupper/gully and improper gutters lead to microbial defects on buildings and their 
exteriors. Cleaning those areas is very important to maintain building durability.  
 
4.2.2. Waste and Bulky Area 
Waste and bulky areas are breeding grounds for mould. Therefore, in waste or bulky 
areas, stains remain, sometimes with dense biofouling from microorganisms.  
 
According to NEA survey December 2006-December 2007, there are some materials that 
dumped in waste and bulky area which have potential as dengue breeding sites and 
outdoor moisture sources.   
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Waste and Bulky area








Figure 4.5 Materials in Waste and Bulky area that potent to be breeding sites 
Data source from NEA survey December 2006- December 2007 
 
 
As seen above, three materials that are potential breeding sites are: domestic containers, 
standing/hanging litter bin, and discarded receptacles. Domestic containers contain 
stagnant water normally have black patches. Standing or hanging litter bins, with no 
regular discharge, contain germs and are a suitable place for mould growth. Moreover, 
discarded receptacles, which have the highest number, include organic and inorganic 
materials. 
 
4.2.3. Roof Area 
According to NEA survey, a roof area also has potential for outdoor moisture collection. 
Roofs are one building element that serves to protect indoor environments from rainfall. 
Leaky roofs or stagnant water on them, however, will ultimately degrade indoor air 
quality. Commonly, there are two methods to avoid water intrusion, both of which have 
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relative advantages and disadvantages. For steep roofs, water-shedding systems will work 
well. However, pond water that bulks up after heavy rain can rise above the head lap of 
the water shedding elements and cause leaks. Those parts should be underlain with a 
waterproof membrane. On the other hand, shallow roofs are now required to have 
waterproof membranes; this is because shallow roofs, where water flow by gravity is not 
immediate enough to allow the use of water shedding systems (Tobiasson, 1994), are 
more likely to be penetrated by moisture. This system is also applicable for steep roofs; 
however, complications might occur, such as down slope movement (slippage).    
Most HDB housing has a water proof membrane. This type of roof is called a ‘compact 
system’ (Tobiasson, 1994). A compact system normally has a little possibility of air 
movement because:  
• The rigid insulations used are usually a low permeability. In HDB case, it is a low 
permeability concrete 
• The material itself is compact and obviously contains no air spaces 
• Wires and pipes are very rarely routed under or within it 
This system is very resistant to air leakage. However, this condition leads to chronic 
condensation, cold spots, and thermal bridging.   
 
The common moisture complaints with HDB roofs stemmainly from severe water 
deterioration; eventually, moisture and water seep into the rooms below. Excess moisture 
in roofs is able to weaken the structure, causing leaching and efflorescence. It also causes 
spalling concrete and disintegrates roofing materials substances by mould growth.  
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In hot and humid tropical climates, roof system designs are also useful insulation tools 
(Oliver, 1996). A vapor retarder is sometimes placed between the insulation and the deck 
(in the hot part of construction). Moreover, each 100mm of wet insulation can contain up 
to 96 kg of water per square meter (Tobiasson, 1994). Combined with heavy rainfall and 
wind, this load can cause overstress on the roof which, with time, could lead to roof 
failure.  
 
Excess moisture in roof system happens because of diffusion of moisture through the 
components of the roofing system; it is a very slow process that seldom causes problems. 
Movement of moist air, from indoor to outdoor spaces, often occurs, adding excess 
moisture into the system. In roof surveyed cases made by NEA team, some of the 
stagnant water was found more on roof tops than roof gutters. The figure is clearly seen 
below; 
Roof





Figure 4.6 Moisture sources in Roof Area 
Data source from NEA survey December 2006- December 2007 
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The table above indicates that there were many ponding water or stagnant water cases 
found on the roof top than broken roof gutters. 
 
4.2.4. Plants Surrounding 
Plants, as mentioned before, are one of the potent spore sources (from dead plants and 
leaves). Watering and heavy rainfall can increase the RH in the vicinity. Likewise, dew 
on the leaves in the morning can also worsen the condition. Therefore, it is very crucial to 
maintain buildings distant with dense plants in surrounding. Moisture produced by a 
young tree, 2-3 m tall, is equal to about 50-100L/day/tree (Christian, 1994). If there are 5 
young tree in new HDB flats, outdoor moisture already loads up to the similar amount for 
small pond. Combined with abundant spores in dense plants, moulds will definitely thrive 
and germinate. Strong shading causes less sunlight penetrate to the surroundings and are 
also denser, thus creating more biofouling. Trees also can cause damage directly or 
indirectly to building, not only by the moisture in the surroundings but from roots, which 
can displace a foundation and cause soil to shrink; this process ultimately causes cracks 
in walls.  
 
According to Good Repair Guide 2 (2007), the safest distance between trees and a 
building is based on the species of the tree, the soil type on which the building stands, 
and the depth of the foundation.  Figure 4.7 below shows the adequate distant between 





To manage the good distance between plants and buildings, buildings should be erected 
3-5 m from plants. This will also avoid high spore concentration and vapor rates.   
 
From the figure below, it is clear that plants contain more water than flower pots and 
trays. This is interesting, because normally it is difficult to find stagnant water on plants, 
excepting dew in the morning. The stagnant water that was found on the plants may have 
been from heavy rain. 
Figure 4.7 Safest 
distance between tree 
and buildings 









Figure 4.8 Plants in HDB surrounding 
Data source from NEA survey December 2006- December 2007 
 
 
4.2.5. Wet Surfaces inside HDB unit 
According to NEA survey, during December 2006 - December 2007, 3,052 cases were 
found with wet surfaces, most of which was a plant source. The figure is seen in Figure 





















Figure 4.9 Wet surfaces that are found in HDB units 
Data source from NEA survey December 2006- December 2007 
 
Wet surfaces in this case were derived from several sources, such as domestic containers 
and air conditioning trays. Some of the wet surface cases were due to occupant activity. 
This is very difficult to be surveyed and counted for, as each residence is unique. 
According to Christian (1994) wet surface in buildings are included “washed floors or 
products, swimming pools and standing water in crawl spaces, any water left on shower, 
sink, floor or walls”. All of them will evaporate to air and add indoor moisture 
eventually. Floor mopping releases 0.15L/m2 in every activity done. Evaporation 
depends on two factors: vapor pressure differential between air and wet surface and the 
heat transfer rate to the water surface film. 
 
Therefore, the drying process (sunlight and warm air) is very crucial. However, moisture 
that evaporates from wet surfaces is considered slow even the surrounding is dry 
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(Christian, 1994). Interior wet surfaces happened because of broken household items, 
such as condensation or leakage in air conditioning trays; therefore, it is essential to have 
proper gutters in air conditioning spaces.  
 
4.2.6. Plants inside HDB unit 
Excessive plants have a negative impact. Watering in plants simply adds more humidity. 
As the moisture evaporates, the relative humidity is raised. Another way that raises 
humidity is grouping plants close together or spraying a fine mist on the foliage.  Water 
in the flower pot or tray sometimes has color and contains dirt and dust. It possibly 
contains mould spores. Water-carrying fungi look like a dirty white or slightly yellow, 
with vine-like strands (Minnesota Department of Commerce Energy Information Center, 
Undated).  Quoting from Quirouette (1983) “The watering of plants and their subsequent 
emission of moisture was also studied and it was found that plants in general release 
about 0.5 liters of water per average size plant per week. If the household has a 
greenhouse with 25 to 30 plants, this may release about two liters of water per day.”  
In detail, plants in several sizes emit moisture as mention below; 
Plants size Estimated Moisture amount L 
A small pot  0.12-0.12 /day 
A medium single size plant 0.17-0.36/day 
A single medium size rubber plant 0.5/day 
A young tree 2-3 m high 50-100/day 
Table 5.1 Moisture produced by plants 
Source: Christian, J.E., 1994. Chapter 8: Moisture Sources. In Moisture Control in Buildings. 
ASTM, Editor: Heinz R.Trechsel, p.178 
 
Besides causing bulked-up moisture, plants are also breeding sites for dengue. Therefore, 
some dengue potentials breeding sites are also constitute to mould growth in building 
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environment. In Singapore, the NEA had conducted surveys that are found several areas 
had more indoor plants than others. It can be seen on Figure 4.10 below; 
Flower Pot/Pot Plate Breeding Sites






























Figure 4.10 Stagnant water in the flower pot or plate cases that found in HDB indoor 




Plates or pots are continuously wet after watering plants and obviously considered and 
found as one of the potential dengue breeding sties. The number is also higher than water 





















Figure 4.11 Cases of stagnant water found in flower pot plate/tray compare water found in plants 
Data source from NEA survey December 2006- December 2007 
 
 
To understand the nature of mould attacks in HDB housing, several case studies are 
presented in Chapter 6.  
 
4.3. Summary  
 
Based on HDB statistic data during December 2006 - December 2007, the organization 
managed 877,841 homes; there were 19,955 cases of leakages, 3,000 cases of air 
conditioning leaks, 3,432 water seepage cases and 3,600 stains. The total number of 
mould growth cases is 29,907 cases annually. This number is considered high, as annual 
data goes. It is also possible that some of the cases were not reported to the HDB because 
an HDB owner fixed them by hiring contractor. Therefore, the number of mould growth 
cases related is possibly higher than reported. The NEA, on the other hand, also 
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conducted a survey about dengue breeding potential in HDB environment. Fortunately, 
dengue breeding potential is also a place with potential of moisture problems since it 
contains stagnant water. Therefore, the NEA survey indicated the moisture problem in 
HDB environment. The NEA survey showed that several places that contain high 
moisture were places such as broken drain/scuppers, waste and bulky areas, roofs, and 
plants/flowers. In an HDB environment, broken drain /scuppers, which contain stagnant 
water, is most likely dengue breeding site that contains high moisture. Usually dark 
green, black, and light brown patches were found in broken drain/scuppers. The second 
highest was waste and bulky areas, wherein stagnant water was found in the domestic 
containers, standing/hanging litter bins,, and discarded receptacles. As most of the 
garbage was also dumped here, moulds spore and nutrients for mould growth were 
abundant. The stain or discolorations that were normally found were black and in 
patches. Roofs and plants/flowers had almost similar amounts of standing water. Roofs in 
an HDB environment were found with ponding water or stagnant water. Normally it was 
happened because of the rain water that failed to be discharged through a gutter. On the 
other hand, plants/flowers were found with stagnant water inside of trunks and on leaves. 
Those conditions accumulate moisture in the air.  
 
The NEA also conducted survey inside HDB unit. There were 2 factors that were found 
related to mould growth cases. They were wet surfaces and plants inside the HDB units. 
Wet surfaces were found in domestic containers, ornamental containers, puddle/ground 
depression, discarded receptacles, and air conditioning trays. Plants inside the HDB unit 
produced moisture during watery process. It was found that only 20% of water that 
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sprayed to plants is used by the plants; the rest was evaporated to the air. Water also 
found in flower’s plate that usually dirty because contains dirt and dust. 
 
Moisture sources in an HDB environment were found in indoor and outdoor. It was 
proved by the HDB and NEA statistics that many of these problems were due to building 
failures (broken drainage) and occupant habits (plants inside the unit). All of the moisture 


















5. Results from Building Inspection and Interview with HDB occupants 
 
Building inspection was conducted during May-June 2007 and January 2008. During the 
investigation, only 58 cases were collected. The limited number of cases studies due to 
difficulties to get permissions to inspect the units. Moreover, most occupants do not 
recognize moulds in their premises. In addition, they are also reluctant to let a stranger 
inspect their house.  
 
The research covered most every Singapore region. However, several locations were not 
covered because there were no responses from those areas during correspondence. There 
were 43 cases of indoor and 15 cases of outdoor mould during the inspection, over the 
period of 3 months. The location is shown in the Figure 5.1 and the detail of Singapore 

























































































































































































































































































































Location of HDB unit with Moulds Growth
















































From all HBD environment that had been inspected during May-June 2007 and 
January 2008, the moisture sources that were found in HDB environment is depicted 
in the Figure 5.3; 
Moisture Sources found in HDB unit during Investigation/Inspection


























 Figure 5.3 Moisture sources found in HDB unit during investigation/inspection 
 
 
From the diagram above, most HDB housing has moisture problems from wet 
surfaces; in the cases studied, they were mostly formed by ‘water activities’, such as 
mopping without proper drying, plant watering, and ponded-water.  Prolonged water 
on surfaces will obviously help to accumulate indoor humidity and lead to mould 
growth. The second highest moisture source was high indoor moisture. This also came 




5.1. Building Inspection Data  
As mentioned in chapter 3, only four room and five room homes were inspected. The 
percentage from building inspection is depicted in the Diagram 5.1; 

















Diagram 5.1 HDB unit types that have mould growth case 
 
 
From diagram above, most of the respondents were come from 5 room HDB type. 
The number was almost 30 compare to 4 room type which is only 10. The 0 room 
type is meant to be lift. In this inspection, lift was considered as indoor environment 
because of its close room. 
 
Furthermore, the next data were the height of HDB unit. This had a high variety of 
variants. However, this data is divided on 3 types of height; 1-5 floors, 5-10 floors and 
10 floors above. The cases distribution is revealed in the Diagram 5.2; 
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Diagram 5.2 HDB unit levels that has mould growth 
 
From the diagram above, units which were located in 0-5 floors were the highest 
number infected by the mould growth based on field survey. There were 25 units 
which located in 0-5 floors that had mould growth within their premises. The second 
highest were units that are located in 5-10 floors (20 cases). The zero level refers to 
lift.  
For indoor ambient temperature, the data is depicted in the Diagram 5.3 below; 




















Diagram 5.3 Range of ambient temperature in HDB unit during inspection 
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The diagram above showed that ±30°C (for example 30.1°C or 30.8°C) of ambient 
temperature is favored by mould growth on any type of surface. The second highest is 
±29°C.  
 
Continuously, Relative humidity in indoor environment in HDB unit normally is 
almost similar with outdoor condition. The range of indoor RH is shown below; 






















From the diagram above, HDB units had a high indoor RH. This condition leads to 
mould growth. The indoor RH range - 66-75%, was present in 20 cases, collected 
during building inspection. The second highest is 61-65% indoor RH. Those two 
indoor RH ranges were prone to be attacked by mould growth and, furthermore, were 
uncomfortable for HDB occupants.  
 
Outdoor Relative Humidity was also measured to compare between two environments 
(indoor and outdoor). The result is shown in Diagram 5.5; 
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Diagram 5.5 Outdoor RH in HDB unit 
 
Mostly outdoor RH was similar with indoor RH as most of the HDB unit use natural 
ventilation. All the HDB units had more than 60% outdoor RH. 
 
Furthermore, surface temperature of the contaminated surface was also measured as 
part of indoor measurement. The result is revealed in the Diagram 5.6; 


















Diagram 5.6 Range of surface temperature on the contaminated surface 
 
The surface temperature of most of the cases was ±24°C. In about 33.33% of cases, a 
surface was contaminated. The next mostly likely environments were ±26°C and 
±27°C ranges, wherein 20% of cases were contaminated. 
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Moreover, moisture content and relative humidity that were measured showed 
obvious ranges that can be seen on the following diagram. 

























Most of the cases during investigation had more than 20% of the moisture inside their 
contaminated surface. This number indicates a high content of moisture and 
considered ‘wet’ for all types of materials. Other surfaces had less moisture content. 
Sealant, for example, only contained less than 5%, but also contaminated moulds. 
  
Wind velocity inside the house was also measured, because wind is one of the 
contribution factors of mould growth problems. The result of measurement is depicted 
in the Diagram 5.8; 
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Diagram 5.8 Indoor wind velocity inside HDB unit which had mould growth 
 
 
The wind velocity inside an HDB unit was 0 m/s in almost all cases that were found 
during building inspection. It means that there was no air circulation within the 
premises in the contaminated area.  Only 10 cases had 0.3 m/s and 3 cases had 0.6 m/s 
wind velocity.  
 
5.2. Interview with HDB occupants 
Interviews with HDB occupants were conducted, in order to gain more information 
about mould problems on the premises. Since the objective research is to find the 
causes of mould growth and develop the prevention and remediation, questionnaires 
were not developed. The information that was gathered includes maintenance 

























Diagram 5.9 HDB units’ age those were affected with mould growth 
 
From the diagram above, HDB’s age with mould growth cases were found about 0-10 
years old. It was surprisingly found, because theoretically, new building is more 
impervious to mould growth than older buildings.  
 
Furthermore, the stain locations within HDB unit also noted down. The data is 
revealed below in the Figure 5.4; 
Location of Moulds Growth within HDB unit














Figure 5.4 Location of mould growth within HDB unit 
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As depicted in the above diagram, mould growth locations were mostly found in 
bathroom compare to other rooms. The living room was the most uncommonly 
infected, with only three cases.  
 
The respondents for this interview were mostly women (housewives or working 
mothers); almost 100% of the respondents were women. The age of the respondents is 
revealed below; 
HDB Respondents' Age

















Mould growth in HDB unit is affected by number of occupants inside the units. It is 
because human respiration and perspiration is also affected indoor humidity. Based on 
the building inspection in HDB unit, the result is shown below; 
 88 
No.Occupants in HDB unit with Moulds Growth



























Through questions, the researcher collected two sources of information: maintenance 
regularity and how many times moulds recurred after cleanup. The data is shown in 























From the diagram above, most of the HDB occupants cleaned up their house twice 
weekly. This regularity should be sufficient to maintain HDB unit The other 
information was about how many times moulds recurring after cleaning up, the figure 
is shown in the Diagram 5.11; 
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Diagram 5.11 Time moulds recurring after cleaning up  
 
 
From the diagram above, 0 times is the highest number of answer of this question. 
However, 0 did not mean no recurring or straight away occur. In this case, 0 means 
the HDB occupants not sure when the moulds start growing again after cleaning up. 
The second highest was 2 days after cleaning up. This recurring is considerably fast 
and makes the cleaning up is useless. 
 
5.3. Conclusion 
From 58 cases collected, there were 2 areas with 4 cases, 5 areas with 3 cases, 9 areas 
with 2 cases, and 15 areas with 1 case found during HBD unit inspection. The 
strongest variables were weather, building design, construction method, maintenance, 
and number of occupants. 
 
Wet surfaces (the most common mould problem) are formed from several water 
activities such as plants watering and ponding water. The second highest problem was 
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high indoor humidity. In this case, high indoor humidity was a result of too many 
people in the house, pets, plants, and stagnant moisture.  
 
From the moisture sources that were found above, it can be concluded that most of the 
mould growth cases were triggered by occupants’ activities/habits. As mentioned 
before, wet surfaces and high indoor moisture were the two most likely problems in 
HBD units. Both moisture sources were affected by occupants’ activities and habits. 
Building design and construction also affected mould growth, though seemed to be 
less of a problem. In addition, mould growth was found at every height. This finding 
confirmed the finding in Gover (1999), wherein he stated that small spores can travel 
from island to island and reach 10,000 feet.  
 
Surface and indoor temperature was quite high, though the former varied. In general, 
the surface temperature was much lower than indoor ambient temperature. Cold 
surface that contact warm air leads to surface condensation and result to mould 
growth. Normally, cold surfaces have high moisture content. Therefore, most of the 
moisture surface was quite high in all contaminated surface. The high surface 
moisture is probably a result of moisture travel, continues wet surface and high porous 
material. 
 
Furthermore, indoor wind velocity was mostly zero. Air flow and sunlight contribute 
to evaporation processes inside the unit. Evaporation process will dry the wet or damp 
surface and inhibit mould growth inside the rooms. The air flow is also important to 
provide comfort for occupants and dilute the moulds spore inside the room. By having 
indoor wind velocity zero in most of the HDB units, it means that within HDB unit 
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evaporation process is very slow and indoor air environment is hot, humid, and indoor 
air pollution is not diluted.  
 
Age of the building is also determined how susceptible the elements to be attacked by 
mould growth. Old building has been standing to weathering and has some of the 
elements damaged or broken. This probably led to leaks, corrosion and disfigure in 
several parts.  Interestingly, during building inspection, mould growth was mostly 
found in newer buildings, most commonly those built within the past ten years. Inside 
of the buildings, however, mould was mostly found in the bathroom bedroom, and 
kitchen, respectively.  
 
Regular maintenance is necessary to avoid mould growth. According to the findings, 
most of the HDB occupants clean up two times a week. This number is sufficient to 
avoid mould growth an indoor environment. However, checking other building 
elements and installation is not conducted thoroughly. Only when elements show 
flaws or failures HDB occupants will be alerted of the condition. Most occupants did 
not realize when mould reoccurred. As a result, most of the HDB occupants have to 
clean up the stains regularly. To conclude, all HDB environments are susceptible to 
be attacked by mould growth. Microclimate conditions support the moulds 
germination. Preventive maintenance in this environment should be enhanced to avoid 
mould growth. 
5.4. Summary 
In building inspections during May-June 2007 and January 2008 found 58 HDB 
environment infected with mould growth. There were 43 indoor cases and 15 outdoor 
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cases in almost all Singapore regions. The limited number was a result of access 
difficulties and gap of moulds knowledge in HDB occupants. The location of infected 
HDB units were scattered throughout Singapore as seen in the Figure 5.1 and detailed 
in Figure 5.2.  
 
All HDB units are prone to attack by mould growth, regardless of the location and 
position. Basically, mould attacks all rooms; however, bathroom and bedrooms are 
the most likely to harbor mould. The high ambient temperature does not tend to 
inhibit mould growth, so long as there is sufficient gas, water, and nutrients. Water 
works against residents, as the evaporative process is slow inside of units, due to lack 
of wind velocity and high RH (above 60%). 
 
The likely reasons of excess moisture were standing water/moisture are broken 
drainage, improper drainage, penetration damp, rain penetration, condensation, 
leakage joints/roof, leak plumbing, reservoir material, high indoor moisture, wet 
surface, cold bridging and moisture travel. The most suitable temperature was at 
±30°C, with surface temperature quite low, at ±24°C. The moisture content, however, 
was quite high (more than 20% per surface).  
 
Most of the HDB occupants’ respondents were women (housewives) 25-30 years old. 
As most of them housewives, they tend to clean up the house twice weekly. However, 
only few of them realize that moulds had occurred/reoccurred. 
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6. Discussion  
 
6.1. Mould Growth in HDB environment, Singapore: The Case Studies 
 
The case studies below were only some of the field survey cases that were 
successfully collected during May-June 2007 and January 2008. There were over 58 
cases found in all around Singapore focusing in HDB environment. However, it is 
only 14 cases are detailed in the Table 6.1. The case studies in the table were chosen 
to be discussed because they were the most common cases found in the field survey 
and statistic data from HDB and NEA (explained in the Chapter 3.11).  
 
Case studies are done to study and understand the nature of moulds growth and 
eventually to find the root of moulds growth which is developed with FMEA 
approach. 
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6.2. Causes of Mould growth in HDB Environment, Singapore 
Mould growth in HDB environment is highly related to moisture and humidity in the 
building and its surroundings. To manage the problem, one must understand the 
complexity of building systems, operation, maintenance, and occupant activities. To 
achieve that, some moisture sources were detailed. The list of moisture sources were 
come from building inspection data and HDB and NEA statistical data. The listed of 
both and what to be discussed in subsequent sub chapter is shown in Table 6.2; 
 
During building inspection HDB and NEA statistic data Moisture Sources 
Discussed in 
details 
Moisture Sources Number of 
cases that 
found 








Plants/flower 50 High indoor 
moisture 
Condensation  4 
Cold bridging 1 
Roof 54 Condensation 
Air Conditioning 3000 
Stains 3600 
Waste and Bulky 
area 
360 
Wet surface 15 
Wet surface 1685 
Poor or no existent 
maintenance 
    Improper operation 
Penetrating damp 1 
Rain penetration 1 
Water seepage 3432 Leaky building 
envelope 
Moisture travel 2   Uncontrolled 
ventilation 
Broken drainage 5 Drain/scupper 575 








Reservoir material 1    
    Weather 
Table 6.2 Moisture sources that were found during building inspection and based on HDB and 
NEA statistic data. 
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Improper operation and weather will also be discussed as factors. Improper operation 
is related to design and operation of HDB unit. And for Weather, most of the HDB 
unit uses natural ventilation as their ventilation system; therefore, weather is also 
important to be discussed.  
 
6.2.1. High Indoor Humidity 
Most of the HDB unit in Singapore use natural ventilation. Therefore, indoor 
humidity is the same as outdoors. This high indoor humidity is a potential condition 
for mould growth (in the subchapter ‘Weather’, outdoor humidity is discussed). 
 
Besides humid and hot conditions from outdoor air there are several factors that are 
contributed to high indoor humidity; 
 Occupant density 
Human’s respiration and transpiration add more moisture.. Therefore, limiting number 
of people in the unit is one of the strategies to reduce high indoor humidity.  
 
Usually, the room becomes uncomfortable and warm if there is less than 250 square 
feet of living space per person (Minnesota Extension Service, 1994). To provide 
comfort and health in the HDB unit, buildings have to circulate equal to 0.25 CFM of 
air per square foot of building enclosure, at 50 Pascals (Wisconsin Energy Star Home, 
2007). This is also to dilute and remove indoor air pollution and indoor moisture. The 
list of all the occupants activity moisture per person can be seen on the Table 6.3;  
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Occupant’s activity Moisture output Source 
Breathing (asleep)  0.3 kg/hour http://www.diydata.com/proble
m/condensation/condensation.p
hp#conditions 
Breathing (awake) 0.85 kg/hour http://www.diydata.com/proble
m/condensation/condensation.p
hp#conditions 
Average domestic activity 0.053 kg /hour Marsh. 1980 
Cooking 2-4 kg/24 hour Oliver. 1997 
Dishwashing/bathing 0.5-1 kg/24 hour Oliver. 1997 
Washing clothes 0.5-1 kg/24 hour Oliver. 1997 
Table 6.3 Compilation of moisture sources from occupant’s activity from several sources 
 
Therefore, limiting number of people in one dwelling is also limiting the moisture 
sources and amount inside it. 
 Households 
Household also produces moisture inside the room. As seen on the above table, 
domestic daily activity contributes a significant amount of moisture per hour. For 
details household moisture load is discussed in the Chapter 2: Literature Review. The 




Figure 6.1 Moisture Sources from people 
activity 
Source: The KairTM Guide to 
Condensation & Mould Growth Control, 
2000 
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 Pets/Aquarium 
Pets are similar to people, in that respiration creates moisture. However the amount of 
moisture that is produced by pets is still unknown. Aquariums are considered a wet 
surface and contribute to the moisture load inside the home. Sometimes condensation 
also occurs in the aquarium. Therefore, limiting the number of pets and close the lid 
of aquarium will reduce the amount of water vapor in the air. 
 Plants  
Almost all of the water from perspiring plants enters the air. Only 0.2% of this water 
can be used for growth. The moisture contribution can be seen more details in chapter 
4.2.6. 
 
6.2.2. Condensation  
Condensation in a tropical climate naturally happens because warm air is capable of 
carrying more water vapor than cold air. Therefore, cold spots and trapped rainwater 
can lead to condensation. Some of the condensation occurs naturally; however some 
of it is are able to be controlled or prevented by better design and construction.  
 
Condensation is the physical process by which water vapor is transformed into dew, 
fog, or droplets. In a building, condensation usually sees as the deposit of water vapor 
from the air on any cold surface whose temperature is below the dew point that is 
exposed to humid indoor air. There are several types of condensation which can be 
happen in the buildings: 
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 Cold-bridge condensation  
This type of condensation occurs when relatively warm, moisture-laden air touches 
surfaces at or below its dew point. This type of cold-bridge can be avoided by putting 
proper insulation in a right place of each building’s structure. Cold-bridge 
condensation can happen on the base of an external wall (normally confused with 
rising damp) (Oliver, 1997), window pane or lowered frame, undersides of roof 
surfaces, inadequately insulated cold water tanks, or refrigeration units.  Rainwater 
trapped on the dark spot will penetrate into adjacent structures. Usually it will degrade 
their insulation properties and also lead to cold-bridge condensation.  
 Surface condensation  
This condensation happens when warm air contacts cold surfaces, which cools the air 
below its saturation point and causes its excess water vapor to change states (into 
liquid). This can happen on window glass, shower screen glass, glazed tiles, or gloss 
painted plaster. 
 Interstitial condensation  
Condensation happens in the building materials or components, due to the internal air 
penetrating the structure because of uneven pressure; this forces cold air against warm 
and causes interstitial condensation. Normally, this type of condensation leads to 
dampness in the building. Dampness can causes health problems and degrades of 
building materials and harder to detect. In most of the cases, interstitial condensation 
is not detected in early point, but the effect is already serious. This usually happens in 
the fibrous insulation or a porous brick wall. For concrete, it depends on the 
concrete’s permeable quality.  
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Moulds will grow on the damp and excessively moist building materials since the 
condition is encouraging. Cold spots usually form in the corner or edge of the 
buildings, where dust and dirt also accumulated. Dust and dirt in the corner is 
accumulated because of the Brownian Motions - a main reason moulds also grow on 
the corner and form a vertical line of colorful patches. 
 
6.2.3. Poor or no existent maintenance 
Building maintenance and operation are the most important phase of building’s life. 
This phase also has the highest influence of occupant habits on the building’s life. If a 
building has flaws, occupants will be uncomfortable, unhealthy and sometimes results 
in high maintenance costs. Normally, building maintenance requires a high cost. 
However, fixing and rehabbing cost more. Regular maintenance, however, is cheaper 
and more effective.  
 
Some of the buildings that are attacked by moulds have clearly not been maintained. 
Moulds most likely will attack buildings if the area is not clean (dust, garbage and 
food scraps as moulds spore sources are available) and is damp (probably from wet 
surfaces). Even though spores are airborne and ubiquitous, moulds will not thrive if 
there are no nutrients and moisture. Regular maintenance also ensures building’s 
quality; this describes not only interior cleaning, but also building’s infrastructure. 
Regular observation is very important; also, alerting a specialist when mould 
problems (like cracks) are detected. 
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6.2.4. Improper operation  
Surface moisture encourages mould to grow, especially if the interior surface uses 
material which easily absorbs ambient vapor. Furthermore, biofouling will develop in 
only in 2 weeks after germination (Allsopp, 2004). 
 
For a room which has high RH such as bathroom and kitchen, an exhaust fan is 
essential. The capacity of an exhaust fan is very important to ensure that excess 
moisture is vented out. If the capacity is lower than it has to be, bathroom or kitchens 
will be humid and damp. Mould will grow in several prone locations, such as sealant 
skirts, sinks, corner of wall-ceiling and wall-floor or wall-walls, kitchen cabinets, and 
ceilings. In addition, if the exhaust fan is over-capacity for the space, the rooms will 
be very too dry and uncomfortable. If it happens in the kitchen, all of the organic 
materials will be brittle and eventually crack. Meanwhile if in bathroom, paste and 
cream will dry up and crack. Occupants will also feel very dry (lips, throat, eyes, 
tongue, scalp and skin) and stuffy. 
 
6.2.5. Leaky building envelope 
According to Marshall (2003), there are many causes of rain penetration on the solid 
building envelope; 
 Cracked or gaps or holes or defective cladding details 
This can also lead to infiltration which will affect ventilation efficiency. 
Gaps and cracks happen because of some failure, such as failure of the foundation, 
lack of adequate movement joints, below-ground brickwork or blockwork in sulfate 
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bearing clay sub-soil, lack of lintols over openings small and large (both above and 
below ground level), or lintols with insufficient end-bearing. The size of the cracks 
determine how damage the implications to the building. 
 Pointing that has deteriorated 
 Defect in sills, for instances cracks, sill out of level, insufficient projection, 
blocked absent throatiness 
 Inadequate, damaged or blocked rainwater goods 
 Unprotected joints round windows, doors, air bricks, and other components 
 Changes in the exposure of a wall 
All of the above causes lead to mould growth inside the premises.   
 
6.2.6. Uncontrolled ventilation  
Ventilation is one of the essential matters in HDB design. It is because ventilation 
able to discharge water vapor in HDB unit and avoid condensation, to remove odor, 
and remove indoor pollutants. Efficiency of the ventilation is controlled by the 
window orientation, building location, temperature and pressure inside the buildings. 
As most HDB units use natural ventilation, temperature, RH, and microorganisms 
inside the unit is similar with that of the outdoors. However, pressure inside the 
premises causes the outdoor wind to enter the premises.  
 
Air movement inside the room affects not only evaporation process on wet surfaces, 
but also moisture and mould-spore spreading. Therefore, air movement should be 
controlled carefully.  
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Some of the rooms in HDB unit contain more moisture than others. Air movement 
from moist rooms to other rooms can cause the others to become more humid and 
uncomfortable, thus leading to mould growth. For examples, outdoor air enters the 
premises through the kitchen and then passes to the living room from the bathroom 
without being discharged trap in bedroom through hallway. Both conditions are the 
common examples of uncontrolled ventilation that is caused by flaw pressurization 
and depressurization.  
 
Pressurization and depressurization inside the HDB unit determine the air movement 
within the premises. To maximize the natural ventilation, HDB units should be 
depressurized slightly, with respect to outdoor conditions in order to ensure that the 
outdoor air enter the premises (Moyer et al., 2001). The movement inside the 
premises is much more likely to be influenced by the number of openings (door and 
windows) in the apartment or house. Obviously, the open door will let the air circulate 
easily and wipe out the pollutants and moulds spore to the outdoor air through the 
opposite window.  
 
The pressure inside the more moist room should be less than other rooms in order to 
ensure the air inside the room will enter the moisture room then discharge the excess 
moisture with mechanical equipment such as the exhaust fan..  
 
6.2.7. Plumbing and drainage leaks 
Leakages plumbing and drainage problems mostly are controlled in construction and 
design phases; very few cases are found caused by improper operation. High pressure 
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and temperature cause of leakages pipes. However, corrosion also happens in 
plumbing. The most severe plumbing corrosion problems result from electrochemical 
action through the use of different metals connected together in a system. Corrosion 
also results from biological attack in excessive moisture environment. Drains have 
different problems, generally associated with obstruction and unsuitable falls. If the 
falls vary or are inadequate, foul water will be unable to push away solid materials 
such as leaves or dust and dirt. However, if the falls are too steep, the obstructions 
become stranded through excessively rapid drainage and results in a blockage. 
Blockages usually occur at bends. 
 
Water and sediment in foul water becomes anaerobic through the organic content of 
sewage and encourages the development of anaerobic bacteria such as sulphate 
reducing bacteria (Richardson, 2001). These bacteria encourage rapid metal corrosion 
of iron and steel pipes causing an early malfunction.  
 
Leakages in plumbing and drainage can obviously be prevented through proper 
maintenance and operation. By observing and cleaning up regularly, leakages in 
plumbing and drainage are possible to be detected early or prevented.  
 
Leakages from plumbing and drainage cause severe mould growth cases. Dampness 
and excess moisture normally will be followed by Stachybotrys arta or Stachybotrys 
cartarum growth, which can cause lungs problems to humans in long exposures. 
Deterioration and rotting of organic building materials are also caused by this fungus 
(Singh, 1994). 
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6.2.8. Weather 
As mentioned before, Singapore has a tropical climate and susceptible to fungal 
attack. High relative humidity, air pollution, and high rain fall trigger moulds to thrive 
in almost all Singaporean regions. 
 
 High Relative humidity (RH) 
Relative humidity (RH) is a measure of the actual moisture content of air compared 
with saturated moisture content at that temperature (Singh, 1994). In Singapore, RH is 
around 55%-75% annually (NEA, 2007). During the hot season (less rain), increased 
temperature means a decreased relative humidity. Due to moisture, this season is less 
favorable to mould growth; unfortunately spore and dust are dryer and able to travel 
from one place to another easily by wind gusts.  
 
Above 65% RH, moulds are able to grow and reproduce. RH below 50%, even 
organic materials begin to crack and shrink. The good interval RH in home is about 
50%-65%. Within this range, occupants feel comfortable and moulds are not able to 
grow or reproduce. 
 
 Atmosphere Pollution 
Most manufacturing sectors, such as petrochemical, electronic, semi-conductors, and 
chemicals, send air and water pollution into atmosphere. In addition, transportation 
also produces lead and carbon on the street that adds more pollution in air. Outdoor 
air in Singapore generally contains SO2, PM10, O3, CO and NO2. Those substances are 
dangerous for human health and have potential to accelerate mould growth and 
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reproduction. Those substances are some of the important substances for moulds to 
survive. Furthermore, the amount of nutrients that are needed by fungi is only in a 
small amount.  Therefore, in industrial area, discoloration is faster. In terms of mould 
growth, it is increased the surfaced of microbial biofilms (fungi layers and surfaces).  
 
 High Rainfall 
High rainfall is a consequence in a tropical country. During the rainy season, air 
airborne spores splash down to the surface. Due to microbial air pollutants, this rainy 
season is cleaner than the hot season. However, RH is higher since the air is much 
moist. Heavy rain sometimes becomes driven rain with a strong wind, which causes 
wet walls. If building walls are not properly constructed, water or moisture will 
infiltrate into room. This will increase indoor RH and lead to mould growth. 
Therefore, interior surfaces are likely attacked by mould growth during this season. 
 
Building design has to adjust with this condition. Overhangs, canopy, drainage, gutter, 
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6.3. Identification of Moisture Problems related to Mould Growth in HDB 
environment with FMEA approach 
 
Failure in buildings could be generated from microbial attacks, such as those from 
diatomae algae, bacteria, and mould growth. However, not all are easy to detect.  
 
Some mould is visible and has odor, while others easily remain hidden or invisible. 
To prevent them, one must take preventative action in a dwelling. Detecting and 
eliminating excess moisture is important. Regular inspection of the home must be 
effective and efficient; to accomplish an efficient one-time inspection, this paper uses 
Failure Modes and Effects Analysis (firstly introduced by Nielsen, 2002) - a 
methodology for analyzing potential reliability problems and failures early in the 
design and construction cycle (where it is easier to take actions to overcome these 
issues, thereby enhancing reliability through design) (Modarres et al., 1999). 
 
FMEA is used to identify potential failure modes, determine their effect on the 
operation of the HDB sub-system, and identify actions to mitigate the failures and 
prevention the re-curring problems (Wang and Roush, 2000). A crucial step is 
anticipating what might go wrong with the sub-systems. As moisture problems relate 
to mould growth (and there are many varieties of mould, each of which respond to 
specific factors) the analysis should formulate as extensive a list of potential failure 
modes as possible (Stamatis, 2003). The using of FMEA in the design process allows 
the contractor and designer to ensure that fewer failures occur; the end result is a 
higher quality home. 
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As moisture problems occur in many places in Singapore, there are many historical 
cases from which insight is gained. Fortunately, FMEA captures this historical 
information and incorporates it into the design of new buildings. There are also 
several other FMEA benefits (Stamatis, 2003), which include: 
• Improved HDB buildings/designs reliability and quality  
• Increased occupant (in this case Singaporean) satisfaction  
• Early identification and elimination of potential HDB buildings/design and 
construction failure modes  
• Prioritized HDB buildings/design and construction deficiencies  
• Captured engineering/organization knowledge  
• Emphasized problem prevention and remediation 
• Documented risks and actions taken to reduce risk  
• Provided focus for improved testing and development  
• Minimized late changes and associated costs 
 
FMEA is useful for new buildings during the planning and building phase to reduce 
and eliminate important risk points (Nielsen, 2002). Moreover, the diagram and 
tabular will be adjusted with Singapore condition and atmosphere. HDB is seen as one 
holistic system which has many sub-systems.  As the problems and failures of the 
HDB is only focus on moisture problems related to mould growth, therefore only 
related sub-systems will be discussed thoroughly in this paper.   
 
The first step of the FMEA analysis is developed a Fault Tree Analysis as shown in 
Diagram 6.1: 
 
























Diagram 6. 1 HDB unit as a system  
 
Each subsystem (rooms, system, climate, and environment) is divided in several 
subsections for details. This is meant to provide a thorough analysis of the moisture 
sources that cause mould growth. HDB is a holistic system, but with several sub-
systems: rooms (interior system), water installation, natural ventilation, climate, and 
environment Furthermore, each sub-system has detailed parts that are also potential 
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6.3.1. Rooms 
Detail parts Possible causes  
Ceilings Condensation in surface, interstitial condensation within the ceiling material, 
thermal bridging from the below surface 
Walls Condensation in surface, interstitial condensation within the walls material, 
thermal bridging from the below surface, water seeping from external wall, 
infiltration from crack or gap 
Floors Condensation in surface, thermal bridging from the below surface, improper 
waterproofing 
Space As divided by 2 categories, each room has their own nature how they 
produce excess moisture.  
Bathroom= from shower, bathing  
Living room= plants, occupants respiration and transpiration 
Bedroom= occupants respiration and transpiration 
Kitchen= cooking, wet laundry, refrigerator and washing machine 
Table 6.4 Rooms detail parts 
 




















Diagram  6.2 Room and its part 
 
Rooms or interiors contain ceilings, walls, and floors. Each of them has 3 parts: a 
Surface - part that face to the indoor environment, a Central – that which faces the 
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condensation most likely happens in each part (surface condensation and interstitial 
condensation). Rooms are also divided based on space wetness. ‘Wet’ and ‘dry’ refers 
to several types of room in the HDB unit; ‘wet room’ is categorized as one that is 
constantly wet, while a ‘dry room’ is constantly dry. 
 
6.3.2. Water Installation 
Detail parts Possible Cause 
Pipes Material in pipes can be corroded or having hole due to improper 
construction method 
Equipments Clogged, flooded, leakage  
Taps Leakage from taps  
Fitting/Joints Bend and joints can cause leakage  
Table 6.5 Water Installation detail parts 
 

















Diagram 6. 3 Water Installation and its parts 
 
In anything that controls the flow of water, there is a potential for seepage and leaks.. 









WC Shower Bend 
Joints 
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mould growth in indoor environment. It is important that these utilities and parts are 
kept functioning properly.  
 
6.3.3. Natural Ventilation 
Detail parts Possible Cause 
Windows Rainwater penetration, evaporation 
Façade Similar with wall in rooms plus infiltration from cracks or frame gaps 
Door Infiltration from below door and frame 
Table 6.6 Natural ventilation detail parts 
 





















        
 
Natural ventilation contributes in both a positive and negative manner toward indoor 
moisture and humidity. In some cases, proper natural ventilation systems are believed 















Diagram  6.4 Natural ventilation and 
its parts 
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wet surfaces; such is the case on a rainy day, when an open window becomes more of 
a liability than a tool.  
 
6.3.4. Climate and Environment 
Detail parts Possible Cause 
Rainwater Rainwater penetration and rainwater seeping in several parts of the 
building elements 
High Humidity High humidity from outdoor will cause a high indoor humidity in natural 
ventilation HDB unit 
Temperature Similar with humidity, temperature for indoor and outdoor normally 
similar, which contribute to indoor RH 
Indoor moisture High RH and vapor from occupants and their daily activities 
Table 6.7 Climate and Environment 
 
 


















Diagram 6.5 Climate and Environment 
 
 
The outdoor climate/environment undoubtedly influences a building’s indoor 
environment; they also impact its outdoor performance.  In a tropical climate, where 
Climate and Environment 
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the climate is always hot and humid, indoor relative humidity is always high - 
especially if the building is using natural ventilation. As many of the HDB units have 
natural ventilation or use simple fans, indoor RH is resembles the outdoor condition. 
These issues, however, are difficult to be assessed and standardized, as each occupant 
and dwelling has unique living conditions. Nevertheless, there are certain maxims that 
reduce indoor humidity and moisture.  
 
From all the diagrams above it can be concluded that the main moisture problems in a 
home are unnecessary water bulking and water vapor accumulation. This water comes 
to be stored in three ways: 
• Free water in building - rain water penetration, rainwater seeping, improper 
drainage, problems in plumbing 
• Surface condensation - low ventilation rate, high indoor humidity from occupants 
activity, thermal bridging 
• Internal condensation in the structure -  thermal bridging, water leakage to fibrous 
material  
 
In this thesis, the root causes of these problems were explored, and design guidelines 
and prevention technique formulated. A remediation method will be developed in the 
following pages. Prevention and remediation methods will contribute to maintenance 
program to avoid mould growth and its reoccurrence. The first step is to map out all 
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Moisture problems from free water in building 
Problems Causes Effects Root Cause 
Rain water 
penetration 
Insufficient canopy or 
louver 






perimeter of the 
frame where it 
abuts the walls 
Faulty sealant pointing 
between the frame and 
the wall 
 
Dampness the plaster 




 Window frame fitted in 
front of dpc 
Dampness below the 
window board  
Construction error 
 
  Severe cupping 





between the frame 
and the opening 
casements 
Poor fit of casement 
 




 In adequate water 
stopping measures in 
detail design 
Water reaching and 
penetrating the weather 
stripping due to wind 
pressure pumping at 
seal 
Construction error 
 Damage or badly fitted 
weather stripping 




around the edges 
of the glazing 









 Faulty or poorly design 
beds 
Water penetration into 
the room 
Construction error 
 Glass panel is too small 
for the opening 
Water penetration into 
the room 
Construction error 
 Inappropriate bedding 
material 
Water penetration into 
the room 
Construction error 
 Leakage through joints 
and sometimes via the 
glazing rebate 
Water penetration into 
the room 
Construction error 
 Debris on the canopy Accumulated water on 





Rainwater seeping No insulation (water 
barrier) 
Water seeping from 








Lack of any angle fillet 
Rainwater backs up and 
/ or over flows 
Tendency of the 
Construction error 
Design error 
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structural elements at the abutment 
between decking and 
adjoining structure 
covering to split or sag 
Damp penetration 
of roof void 
Inappropriate choice of 
sheathing felt for lead 
covering 
Metal sheeting can 
become stuck to 
underlay and crack due 




Damp penetration Inadequate ballast over 
felt membrane 
Covering exposed to 
ultra violet light due to 
initial inadequacy  
Construction error 
Design error 




Construction error  




  Leakage from gutters Construction error  
Design error 











  Leakage from joints 
with pipes, cables and 





Ponding rainwater Inadequate joints  Deflection of roof and 
water will collect in 
slump 
Water unable to drain 
away 
Greater leakage if 
covering fails 




 Insufficient thickness 
of reinforced concrete 
As above  Construction error 
Design error 
 Individual members too 
far apart 
Deflection of roof 
Rainwater collects in 
depression/unable to 
drain 
Reduced life of 
covering 




 Raised outlet above 
level of roof 
Rainwater backs up Construction error 
Design error 
Leakage in Leakages from pipes Leakage from pipe Material flaws 
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drainage system  material Corrosion  
Constant water 
pressure 




 Leakages from fittings Construction error  
 Leakage from drains in 
floors 









flooring to underneath 
ceiling  
Construction error 
  Leakage through joints  Construction error 
Design error 




  Leakage joints with 





Mechanical damage of 
pipe 
Sawing or drilling pipe Construction error 
  Break of material from 
pressure or high 
temperature (hot water 
pipe) 
Construction error 
 Corrosion of pipe Water type Construction error 
Design error 






fitting and pipe 
Assembly error Construction error 
  Age of the material Material durability 
 Leakage in fitting Similar with leakages 
from pipes 
Similar with 
leakages from pipes 
Leakage from taps Open tap Forget to close taps Improper execution 
   Break in tube 
between tap and 
equipment as 
washing machine 
 Leakage between tap 
and pipe 
Water spill Assembly error 
  Age of material error Material durability 
 Leakage in gasket   
 Leakage from washing 
and dish washer and 
machines 
Internal leakage in the 
machine 
Flaw in the 
machine  
  Leakage from tube 




  Leakage from the Flaw of the 
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machines drainage tube machine  
 Leakage from shower Open shower  
  Leakage in gasket  





  Leakage from 
connection to pipe 
Lose fitting  
 Leakage from bath and 
wash hand basin 
Overflow from filled 
equipment 
Open tap- no 
overflow drain  
   Overflow drain 
closed 
 Leakage from water 
heater and water tanks  
Internal leakage in the 
equipment 
Flaw equipment  
  Leakage from 
connection to pipe 
 
Table 6.8 Moisture problems from free water in building 
 
 
Moisture problem from surface condensation 
 
Problems Causes Effect Root Cause 
Thermal bridge  No water/vapor barrier Construction error 
Design error 
 
 Ponding water from 
rain water or plumbing 
















Design error  
 Disoriented windows 
facing 
Design error  
 Closed windows  Incorrect execution  
 Stacking materials/tools 
inside the room 
Incorrect execution  







High outdoor humidity  Climate/Microclimate  
 Cooking without lid 
and cooker hood 
Incorrect execution  
 Plants more than 5 Incorrect execution  
 No exhaust fan  Design error  
 Crushed or broken duct Construction error  
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of exhaust fan Lack of maintenance 
 Mopping without 
proper drying  
Incorrect execution  
 Laundry kept in the 
kitchen  
Incorrect execution  
 Low air change rate  Insufficient window 
size  
Design error  
  Disoriented window 
facing  
Design error 




Table 6.9 Moisture problem from surface condensation 
 
 
Moisture from Interstitial condensation problems  
Problems Causes Effects Root Causes 

















 Plumbing leakage Insufficient sealing  Construction error 
Design error 




Lack of air 
circulation 
Using wallpaper Stain/discoloration 
within the wall paper 
Lack of air 
circulation 
Lack of insulation 
 Stacking materials or 
furniture behind 
bathroom walls or 
external walls with no 
space 
Stain/discoloration 
behind the materials or 
inside the furniture 
Incorrect execution 
Table 6.10 Moisture from Interstitial condensation problems 
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6.4. Prevention and Remediation of Moisture problems related to Mould 
growth in HDB environment  
Moisture problems can lead to harmful and expensive problems, such as mould 
growth, dampness, health problems, and rotting. For most cases, remediation is 
normally much more expensive than proper prevention techniques.  
 
Most mould problems begin in the construction phase. The most common culprits are 
incorrect construction methods (such as uncovered materials on site); however, faulty 
workmanship is also a problem. This is further exacerbated by maintenance issues 
which lead to mould growth. Avoiding moisture problems should be a main priority in 
the design and construction phase, where root problems most often appear. Some of 
the problems might be as easy as replacing gutters or cleaning mould growth stains on 
concrete. However, many of the problems are hidden and unknown. This usually has 
more detrimental problems than the visible ones.  
 
Many hidden problems are combined with other problems, the most common of 
which is indoor RH and moisture inside of contaminated materials. The previous 
chapter listed all probable moisture problems in the HDB environment (indoor and 
outdoor); to remedy these problems, prevention methods are necessary. Similar with 
the previous chapter, the method to pinpoint each of the problems is FMEA (Failure 
Mode and Effects Analysis), which was detailed in Chapter 3. 
 
The following table consists of the moisture problems related to mould growth from 
indoor and outdoor air. The moisture problems and their roots are taken from the 
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previous tables. The tables are continued with effects, prevention and remediation of 
each moisture problem related to mould growth. Some of the sources are taken from 
literature reviews and most of them are taken from case studies and field survey that 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































       
     160 
6.5. Preventive Maintenance Strategies to Reduce Moisture Problems in HDB 
unit, Singapore 
Excess moisture is not a new problem in building and construction. While some 
problems are cosmetic, causing simple staining, others physically degrade the 
building by deteriorating its organic building materials, via mould growth; mould can 
also cause discomfort to occupants, in the form of disease and illness. Because of the 
moisture problems in Singapore, occupants in the buildings need to be aware and able 
to prevent and remedy mould growth. This is beneficial, as they avoid health 
problems and large expenses associated with remediation (prevention is almost 
always less expensive).  
 
Based on the previous sub-chapter, Failure and Effects of the moisture problems 
related to mould growth were successfully built. The next step is to ensure that 
moisture problems do not occur in the future; in other words, this paper will construct 
Preventive Maintenance Strategies for HBD units.  
 
As in the previous sub-chapter, some of the problems are occurred during 
construction and design; therefore supervision during this phase is very essential. As 
in operation and maintenance phase, there are two types of moisture problems: hidden 
and visible. As for former type, the problems location and causation are (probably) 
easier pinpointed and remediated during construction. However, for hidden problems, 
some of the information and access have to be provided for correct remediation. 
 
     161 
To make it simple and easy, the maintenance strategy is structured based on the HDB 
sub-system that is related to the moisture problems. Each sub-system will be divided 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7. Conclusion and Future Works 
7.2. Conclusion  
There were three main causes of mould growth that were found in Singapore during 
building inspections and interviews with HDB occupants: wet surfaces (25.86%), high 
indoor humidity (20.69%), and leakage from plumbing (15.52%). 
 
The causations of wet surface commonly found were from daily activities of the 
occupants, free-standing water, and little to no evaporation. Daily activities that cause 
wet surface were: mopping without proper drying, air conditioning trays, plant 
watering, wet containers, and damp garbage bins. For free-standing water, the causes 
that found were ponding water, trapped water, and rainwater penetration. In addition, 
the lack of evaporation was almost always related to improper ventilation systems 
(window and sunlight).  
 
High indoor humidity was due to several reasons, the most obvious of which is the 
microclimate that leads to the condition. However, daily activity, number of 
occupants, and indoor plants also contributed to high indoor humidity. 
 
The third highest was plumbing leakage (15.52%). Plumbing leakage was commonly 
detected as water spills/spray from plumbing/joints or stains on/below unit ceilings. 
Leakage in plumbing was usually found under houses during building inspection.  
 
168 
According to HDB (2007), there were 19, 955 cases of plumbing leakages and 3600 
stains problems were found in HDB environment. The location of stain problems 
however was not discussed in the statistical data. 
 
Furthermore, the condition (RH and temperature) that supports mould growth in 
tropical climate is slightly similar with was found in sub tropical climate. Most of the 
study in the sub tropical climate, however, conducted in laboratory and not found in 
the field (Viitanen et al., undated; Morse and Acker, 2006; Nielsen et al., 2004). 
Therefore, the study is not always relevant with on site condition.  The comparison 
between the two studies is shown below; 
 










Tropical  Building 
Inspection 
75 30 20-25 24 
 Lee, 1998 - 15-30 - - 
Sub 
Tropical  
Viitanen et al., 
undated 
>75 0-50 - - 
 Morse and 
Acker, 2006 
90 15-30 - - 
 Nielsen et al., 
2004 
69-95 5-25 - - 
Table 7.1 Comparison of mould growth environment condition in tropical and sub tropical 
climate 
 
Indoor wind was found mostly 0 m/s; therefore, most of the HDB units lacked proper 
evaporation; this was very favorable for mould growth. This problem was most likely 
because the air pressure inside of the house was equal to that of the outside air. 
 
Proven by the case studies (from building inspections and interviews), moulds are 
able to destroy all building materials. It can be seen in case studies that were selected 
169 
and described, moulds were able to grow in high varieties of building materials, as 
long as the nutrients and suitable moisture are provided and the condition is static 
(humidity and temperature). As for organic materials, the degradation is faster and 
easier because the materials themselves are used as the necessary food; secondary 
metabolism is also easier in this type of material. For inorganic materials, degradation 
also occurred. However, it was done much more slowly and with less biofouling than 
organic materials. 
 
Within units, the most common place for mould growth was bathroom. Because this 
room usually harbors a good deal of excess moisture, this paper recommends that 
exhaust fans be installed in the shower area. Also, habits should be changed to prevent 
such growth; occupants should not stack up materials close to the wall, should check 
joints and pipes for leaks, keeps fans and doors on/open, and remove any excess 
moisture from the space, when possible. 
 
Unfortunately, people are not likely to significantly change their habits, as they are 
not aware that mould is harmful to their health (70% of interviewees thought in this 
manner). In fact, most people accept mould as a way of life – essentially unavoidable.  
 
By understanding the nature of mould growth and the causations in building, it is 
possible to both change people’s minds and prevent mould from occurring. Analysis 
with FMEA approach was conducted to develop prevention and remediation strategies 
and also preventive maintenance methods to avoid mould growth recurring in HDB 
units. FMEA provides the list of problems, root causes and effects of mould growth in 
HDB unit. From that information, prevention, and remediation were identified. 
170 
However, some problems occurred as a result of improper maintenance, such as 
household load moisture. Those issues were included in maintenance sections. 
 
The findings of this study suggest the following strategies to avoid mould growth; 
 Create the indoor environment that does not support mould growth 
Building materials, ventilation, and occupants’ daily activities need to be maintained 
to meet certain standard to avoid mould growth, especially in the moist rooms (such 
as bathroom). If it is necessary, one should install moisture-discharge equipment, such 
as ventilation fans. 
 Prevention is less costly than remediation.  
Preventive maintenance strategy should be developed by identifying the root 
problems of mould growth. The root cause of mould growth is moisture. Therefore, 
prevention of the occurrence of water leakage, water seepage, water penetration and 
the like is crucial. 
 
7.3.  Future Works 
Study of mould growth as biodeterioration agents or indoor air pollutants is certainly 
not complete. The study is well conducted in IAQ subjects. However, there is little 
research related to building defects due to mould growth. Since mould growth 
threatens building durability, the research of this subject should continue. The 
following cases are important to be done in the next research to avoid excess moisture 
and mould growth in a building’s environment. 
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7.3.1. Sufficient sunlight and fresh air in each room of HDB 
As found on the field surveys and NEA survey data during December 2006 - 
December 2007, some of the HDB indoor environments have problems with the 
evaporative process. Contribution factors for this case are improper ventilation, which 
contains insufficient sunlight and fresh air.  Air circulation within the HDB 
environment is very important to the evaporative process. However, air circulation 
depends on the pressure inside and outside. It also influences infiltration and water 
seepage from external walls. Pressure inside the HDB unit has to be uniform and 
slightly positive relative to the exterior. This condition is able to reject water seepage 
from driven rain and positive pressure from outside and avoid infiltration. Pressure 
differential also ensure air circulation within the room. Sufficient sunlight comes with 
fresh air from outside. Therefore, window position, pressure inside the HDB unit is 
very important to be designed carefully.  
Builders should develop design strategies that create air flows that minimize moisture 
problems. Designers should also work toward improving installation techniques, so 
that pressure imbalances will be reduced in buildings. 
 
7.3.2. Non continuous vapor retarders and air barriers 
Case studies and literature also state that improper vapor retarders and air barriers are 
the first line of defense in limiting moisture flow into the HDB unit; they significantly 
contribute to moisture problems. Vapor retarders in ceiling, floors, and wall are very 
important in hot and humid climates like Singapore. It is because moisture penetration 
from free water or vapor is common in this climate. Review of the current vapor 
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retarders and air barrier design issues in every location (wall, ceiling, and floor) will 
give a new perspective and enhance the quality of vapor retarders and air barrier 
design. 
7.3.3. Gap knowledge of mould growth to HDB occupants 
HDB occupants’ knowledge about mould growth is very limited and barely 
recognizes the danger of the microorganisms. The perception of moulds as a normal 
stain on their wall, cupboards, or ceilings, could harm their health and degrade their 
valuable assets. The HDB occupants’ perception about mould growth should change. 
Surely, both a proper understanding of the health risks, associated remediation costs, 
and standard of living influences will prompt HDB occupants to become more serious 
about mould prevention techniques. In the future, questionnaires for HDB occupants 
should be distributed, in order to better understand what prevents this disconnect. 
Finally, information should be given to occupants; to better help them to understand 
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General Information Environment Information 
Time  : Ambient 
temperature 
: 
Location : Indoor RH : 
Age : Surface temperature : 
No. Occupation : Moisture Content : 
Unit Size : Indoor wind 
velocity 
: 









Sick person : 





Moulds Location  
 
Moulds Size  
 




Plants  Ventilation  
Pets  Leakage  
Aquarium  Ponding water  







List Of Questions For HDB Occupants Due To Moulds Growth Inspection 
General Questions 
Questions Explanations 
1. Where is the unit located? Which 
floor? 
 
The location of the unit is important to get 
information about the environment and 
surroundings. 
 
2. Where is the stain occurred? 
 
The location of moulds growth, such as in 
kitchen cabinet, bedroom wardrobe, and 
bathroom sealant. This is location will lead to 
room characteristics. 
 
3. How long moulds already there? 
 
The longest moulds have been occurred the 
harder to clean up, especially if the 
contamination area is quite large. This will 
be related to the maintaining and cleaning up 
method the area. In addition, it might harm 
the occupants’ health.  
 
4. Is the mould recurring in certain 
times (during rainy season)? Or 
several times after cleaning? 
 
Recurring during rainy season might a 
symptom of leakage of external wall, or rain 
water penetrating from opening. Recurring 
after several times cleaning might a symptom 
of false maintenance method or high indoor 
humidity or high moisture content (Lee (D) 
and Peart. 2001) 
 
5. How is the cleaning up process 
conducted? What cleaner is being 
used? How often? 
 
This will explain the maintenance method.  
 
6. How old is the premises? Ages of the unit show how prone the unit to 
be attacked by moulds growth 
 
Bedroom   
Questions Explanations 
1. Is the window opened regularly or 
sometimes? 
Evaporation, sunlight and fresh air come 
from opening (door and mostly window). By 
opening the window, fresh air enters the 
room and recirculates within the room if door 
is opened. This will reduce the risk of 
moulds growth (Christian. 1994). 
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2. Is the wardrobe/cupboard is 
opened sometimes? 
By opening the cupboard/wardrobe, heat will 
enter inside the cupboard and reduce risk of 
moulds growth (Lee and Peart. 2007).  
 
3. Is the room using fan? Mechanical ventilation helps to enhance the 
air circulation within the room and also 
diluted microbial spore that enters from 
outside (Christian. 1994). 
 
4. How old is the age of the furniture 
that is affected by moulds? 
The old wardrobe/cupboard generally colder 
than the new one. The moisture content 
probably high due to lack of heat (Lee and 
Peart. 2007). 
 
5. How far the distant of the 
wardrobe/cupboard/desk from 
wall? 
Distant between wardrobe/cupboard/desk 
from wall is important to let air flow in 
between (Lee (B) and Peart. 2007) 
 
6. Is the bedroom is adjacent to the 
bathroom? 
This is to predict moisture sources and 
possibility of travel moisture. 
7. Is the room kept something wet, 
for instance wet towel after bath? 
This is will cause a high indoor RH (Lee (B) 
and Peart. 2007) 
 
8. Is the room using carpets? Carpet traps moist, dust and microbial spore 
(Hasselaar and Van Ginkel. 2006) 
 
9. Is there any leaky or water 
penetration during rain on the wall 
or floor near to window? 
Probably there is an external wall leakage or 
rain water penetrates into the room (Focus on 
Energy. 2006).  
 
10. Is there any leakage from ceilings? Probably there is a plumbing leakage (Focus 
on Energy. 2006).  
 
 
Bathroom   
Questions Explanations 
1. Are the occupants using hot water 
or cold water? 
Using hot water in showering will cause a 
high RH since hot water will absorb more 
moist (Hasselaar (A) and Van Ginkel. 2005) 
 
2. Is the bathroom using exhaust fan? 
Where is that location? 
Exhaust fan discharge excess indoor 
moisture which is accumulated in bathroom 
and kitchen. Location and capacity of the 
exhaust fan determine its efficiency (Lee (D 
and Peart. 2001) 
 
3. Is the bathroom using shower 
screen? 
Shower screen able to zone the bathroom to 




4. How long is the shower 
approximately taken? 
The longer someone showering the more 
moisture is produced (Hasselaar, (A) and 
Van Ginkel. 2005) 
 
5. Is there anytime for bathroom to 
be dry? 
Wet area produces more moisture (Christian. 
1994) 
 
6. Is there any leaky or water 
penetration during rain on the wall 
or floor near to window? 
Probably there is an external wall leakage or 
rain water penetrates into the room (Focus on 
Energy. 2006).  
 
7. Is there any leakage from ceilings? Probably there is a plumbing leakage (Focus 





1. Is lid being used during cooking? Lid reduce moisture that is produced during 
cooking (Christian. 1994) 
2. Is the kitchen using exhaust fan? 
Where is that location? 
Exhaust fan discharge excess indoor 
moisture which is accumulated in bathroom 
and kitchen. Location and capacity of the 
exhaust fan determine its efficiency 
(Christian. 1994). 
3. How long is cooking being held 
approximately? And how many 
times a day? 
Longer cooking produces more moisture. 
Frequency of cooking also influence of 
moisture level (Christian. 1994) 
4. Is the laundry kept in the kitchen? Wet clothes, towels and garments add more 
indoor moisture.  
5. Where is the garbage bin?  Garbage bin is source of microorganism 
spore.  
6. Is there any leaky or water 
penetration during rain on the wall 
or floor near to window? 
Probably there is an external wall leakage or 
rain water penetrates into the room (Focus on 
Energy. 2006).  
7. Is there any leakage from ceilings? Probably there is a plumbing leakage (Focus 
on Energy. 2006).  
 
Living room   
Questions Explanations 
1. Is the window opened regularly or 
sometimes? 
Evaporation, sunlight and fresh air come 
from opening (door and mostly window). By 
opening the window, fresh air enters the 
room and recirculates within the room if door 
is opened. This will reduce the risk of 
moulds growth (Christian. 1994) 
2. Is the room using fan? Mechanical ventilation helps to enhance the 
 193 
air circulation within the room and also 
diluted microbial spore that enters from 
outside (Lee (D) and Peart. 2001) 
3. Is the living room having plants? Plants are believed as source of 
microorganisms spore. Having plants also 
raise up the indoor RH during plants watery 
(Christian. 1994) 
4. Is the occupant having pets in the 
living room? 
Pets also adds more moisture and source of 
microorganisms 
5. Is the living room using carpets? Carpet traps moist, dust and microbial spore 
(Lee (C) and Peart. 1995) 
6. Is there any leaky or water 
penetration during rain on the wall 
or floor near to window? 
Probably there is an external wall leakage or 
rain water penetrates into the room (Focus on 
Energy. 2006).  
7. Is there any leakage from ceilings? Probably there is a plumbing leakage (Focus 
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